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7SUMMARY
The artisanal ﬁ shery for Spondylus has a very long tradition in Ecuador but 
developments in recent years have made it an excellent example of the rapid 
overharvesting of a Latin American shellﬁ sh ﬁ shery. In reaction to the declining 
population status, the Ecuadorian government enacted an ofﬁ cial ban on the ﬁ shery in 
October 2009. The ban is intended to be kept in place at least until there is scientiﬁ c 
information regarding stock status and basic population parameters that are necessary 
for a sustainable use of the resource. This study aims to provide the necessary 
knowledge base to develop a sustainable management program for Ecuadorian 
Spondylus stocks in the future. 
Our ﬁ ndings suggest that current population densities will not allow for a recovery 
without additional measures to support such recuperation. Nevertheless, the 
parameters we have calculated for growth and fecundity suggest that exploitation of 
Spondylus as a resource is generally possible when undertaken with caution. Under 
a precautionary approach it is crucial for a future management program to monitor 
densities of individuals closely, as this study identiﬁ ed recruitment failure as the main 
factor that has contributed to the collapse of the ﬁ shery in the past. Restoration efforts 
would be of high value for the local ecosystem as this study has also shown that 
Spondylus contributes signiﬁ cantly to the native biodiversity. Their shells provide a 
three dimensional habitat for a variety of drilling and non-drilling species that are not 
present without them, thus making Spondylus an important foundational species.
Artisanal ﬁ sheries make a signiﬁ cant contribution to satisfying the increasing global 
demand for protein. It is dangerous to assume, that these ﬁ sheries operate sustainably 
per se and it is crucial to ensure that they do in the future. Sustainable solutions for 
artisanal overﬁ shing are urgently needed, because tropical coastal communities are 
highly dependent on their local resources for their livelihoods and nutrition. The tools 
for successfully managing a common pool resource such as Spondylus through a co-
management system are known – we hope these are used in the future in conjunction 
with the ﬁ ndings of this study to prevent this iconic genus from disappearing.
8ZUSAMMENFASSUNG
In Ecuador hat die artisanale Fischerei auf die Muschelgattung Spondylus eine 
jahrhundertealte Tradition. In den letzten Jahren hat sie sich allerdings zu einem 
Paradebeispiel dafür entwickelt, wie sich Überﬁ schung in den lateinamerikanischen 
Schalentier-Fischereien ausbreitet. Als Reaktion auf die fallenden Bestandszahlen hat 
die Ecuadorianische Regierung im Oktober 2009 ein Fischereiverbot für Spondylus 
verhängt. Es soll mindestens bestehen bleiben, bis eine ausreichende wissenschaftliche 
Beurteilung über den Zustand der Bestände und grundlegende Populationsparameter 
für eine nachhaltige Nutzung der Spondylus-Bestände erarbeitet wurden. Die 
vorliegende Arbeit zielt darauf, diese notwendigen grundlegenden Erkenntnisse für ein 
nachhaltiges Management in der Zukunft zusammenzutragen.
Unsere Ergebnisse legen nahe, dass sich die Bestände mit der derzeit geringen 
Populationsdichte ohne weitere Maßnahmen nicht erholen werden. Die Erkenntnisse 
dieser Studie zu Wachstums- und Fekunditätsparametern besagen allerdings 
auch, dass eine nachhaltige Spondylus-Beﬁ schung unter Berücksichtigung des 
Vorsorgeprinzips möglich ist. Im Zuge dieses Vorsorgeprinzips ist es unerlässlich, die 
Populationsdichte zukünftig streng zu überwachen, da diese Studie Nachwuchsausfall 
als wichtigsten Faktor eines Zusammenbruchs der Fischerei identiﬁ ziert. Bemühungen, 
die ursprünglichen Bestandsdichten wiederherzustellen, wären von großer Wichtigkeit 
für das lokale Ökosystem, da Spondylus einen wesentlichen Beitrag zur Artenvielfalt 
leistet. Die Schalen stellen für eine Reihe von bohrenden und nicht-bohrenden 
Organismen ein wertvolles dreidimensionales Habitat dar, sodass Spondylus zum 
wichtigen Typus der „foundation species“ gezählt werden sollte.
Artisanale Fischereien liefern einen entscheidenden Beitrag, um den weltweit 
ansteigenden Proteinbedarf zu bedienen. Es ist falsch, anzunehmen, dass artisanale 
Fischereien per se nachhaltig agieren, und sehr wichtig, dies zukünftig sicherzustellen. 
Bewältigungsstrategien zur Lösung artisanaler Überﬁ schungproblematik sind dringend 
notwendig, weil vor allem die tropischen Küstengemeinden auf lokale Resourcen 
angewiesen sind, um grundlegendste Bedürfnisse zu befriedigen. Strategien, auf deren 
Basis sich Gemeinschaftsgüter wie Spondylus mithilfe eines Ko-Management Systems 
nachhaltig bewirtschaften lassen, sind bekannt – und wir hoffen, dass sie zukünftig in 
der Umsetzung der Ergebnisse dieser Studie Anwendung ﬁ nden, damit Spondylus vor 
dem Verschwinden bewahrt werden kann.
9RESUMEN
La extracción artesanal de Spondylus en el Ecuador se remonta a épocas preco-
lombinas. Sin embargo, el incremento en la intensidad de su pesquería en las últimas 
décadas ha convertido a éste en un excelente ejemplo de rápida sobreexplotación de 
esta concha en América Latina. El Gobierno del Ecuador, en respuesta a la alarmante 
disminución de las poblaciones, decretó una veda permanente de Spondylus a partir 
de octubre de 2009. La veda será mantenida hasta que se genere la información 
cientíﬁ ca necesaria, acerca del estado del stock y los parámetros poblacionales, para 
una utilización sustentable del recurso. El presente estudio provée la información 
básica para desarrollar un programa de manejo de las poblaciones de Spondylus en el 
Ecuador. 
Nuestros resultados muestran que las densidades poblaciones actuales son 
demasiado bajas y que se requieren medidas externas adicionales para permitir la 
recuperación del recurso. Aún así, los cálculos de los parámetros de crecimiento y 
fecundidad sugieren que la explotación sustentable de Spondylus es posible, siempre y 
cuando de tomen y se respeten las medidas precautelatorias necesarias. Entre ellas, es 
crucial el monitoreo de la densidad de individuos, ya que como hemos identiﬁ cado en 
este estudio, la falta de reclutamiento es el principal factor del colapso de la pesquería 
en el pasado. Esfuerzos de restauración pueden tener un gran valor para el ecosistema 
local y la fauna nativa. Las conchas de Spondylus proveen de un hábitat tridimensional 
para una variedad de especies perforadoras y no perforadoras que de otra manera no 
sería posible encontrar en un determinado lugar. Este hecho convierte a Spondylus en 
una especie formadora de hábitat.
La pesca artesanal contribuye signiﬁ cativamente a suplir la creciente demanda de 
proteína a nivel mundial. Sin embargo, sería riesgoso asumir que esta pesquería opera 
sustentablemente de por sí, al mismo tiempo es sumamente importante asegurar su 
sustentabilidad en el futuro. Es urgente encontrar soluciones sostenibles para detener 
y evitar la sobrexplotación por pesca artesanal, ya que el bienestar y la alimentación 
en las poblaciones costeras de zonas tropicales se basan en el aprovechamiento de 
los recursos marinos. Las herramientas para manejar de manera exitosa la pesquería 
de recursos de bien común son conocidas. Esperamos que en el futuro, esas 
herramientas y los resultados de este estudio sean utilizados en conjunto para prevenir 
la desaparición de especies icónicas como el Spondylus.
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“Most small-scale fi sheries throughout the world have seen their resources 
depleted by industrial fi shing vessels, notably trawlers, fi shing on or near their 
inshore fi shing grounds. Yet this is not the whole story. An ever-increasing 
number of small-scale fi shers operating motorised canoes or similar mobile 
and versatile crafts can deplete the entire resource available on a country’s 
continental shelf (…). The local and/or foreign industrial fl eets are only 
accelerating, albeit to a tremendous extent, an overfi shing process which, if not 
controlled, would eventually engulf even the most seemingly benign small-scale 
fi shery”
Pauly, 2006 
“Artisanal fi sheries have a signifi cant impact on marine ecosystems – 
overfi shing, habitat damage, and bycatch – but, because they are much more 
effi cient than commercial fi sheries, they are also our greatest hope for achieving 
sustainable harvests.”
SAFRN: Small-scale and Artisanal Fisheries Research Network at Scripps 2013
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1 GENERAL INTRODUCTION AND CONTEXT OF THE  
 STUDY
1.1 Artisanal ﬁ shing 
The scientiﬁ c community has neglected artisanal ﬁ shing for many years (Pauly 2011) 
and similarly policy makers have given preferential treatment to industrial ﬁ sheries. Still, 
artisanal ﬁ sheries have expanded continuously (Allison and Ellis 2001) and nowadays 
amount to a catch of about approximately 30 million tons, approximately the same 
amount of ﬁ sh for human consumption that is caught by industrial ﬂ eets (Jacquet and 
Pauly 2008).
One of the factors that can lead to the depletion of ﬁ shery resources is the 
underestimation of ﬁ shing pressure (Teh and Sumaila 2013) and it is thus important 
that the scientiﬁ c community has developed an interest in the matter. The extent and 
signiﬁ cance of the artisanal sector is increasingly being recognised. The social weight 
is shown by the fact that 22 ± 0.6 million people are engaged in small-scale ﬁ shing, 
which refers to 44% of the estimated 50 million ﬁ shers in the primary production 
sector (Teh and Sumaila 2013). Though the recent interest helps in understanding the 
sector, general studies/ conclusions are complicated by the versatile nature of artisanal 
ﬁ shing practises. The struggle already begins with a proper deﬁ nition of artisanal and/ 
or small-scale ﬁ sheries (Allison and Ellis 2001; Defeo and Castilla 2005; Carvalho et al. 
2011). The United Nations Food and Agricultural Organisation (FAO) has addressed this 
problem and their deﬁ nition is highly applicable to Spondylus ﬁ sheries in Ecuador. The 
FAO glossary deﬁ nes artisanal ﬁ sheries as:
“traditional fi sheries involving fi shing households (as opposed to commercial companies), 
using relatively small amount of capital and energy, relatively small fi shing vessels (if any), 
making short fi shing trips, close to shore, mainly for local consumption. In practice, defi nition 
varies between countries, e.g. from gleaning or a one-man canoe in poor developing 
countries, to more than 20-m. trawlers, seiners, or long-liners in developed ones. Artisanal 
fi sheries can be subsistence or commercial fi sheries, providing for local consumption or 
export. They are sometimes referred to as small-scale fi sheries.”
 (FAO 2013)
1 General Introduction and Context of the Study
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Although the scientiﬁ c and non-governmental community has come to generally 
acknowledge the role that artisanal ﬁ sheries play with respect to their economic 
importance, food security and livelihoods, as well as cultural and social integrity of 
ﬁ shing communities (Allison and Ellis 2001; Berkes et al. 2001; Béné et al. 2004; 
Granzotto et al. 2004; Blount 2005; Sadovy 2005; Salmi 2005; Chuenpagdee et al. 
2006; Pauly 2006; Andrew et al. 2007), it is still mainly the industrial ﬁ sheries that 
are associated with a global trend of overﬁ shing and thus the focus of controversial 
debates about potential solutions (Pauly et al. 2002; Hilborn et al. 2003; Myers and 
Worm 2003; Rosenberg 2003; Worm et al. 2009). In this discussion, artisanal ﬁ shing 
is often still perceived as a quaint, romantic and retrograde activity. This perception is 
far from the truth (Allison and Ellis 2001); and this study provides an excellent example 
how a drastic short-term increase in artisanal ﬁ shing effort can deplete a highly-valued 
shellﬁ sh resource within a relatively short period of time.
1.2 Latin American ﬁ sheries and Spondylus in Ecuador
In developing countries such as Ecuador and other Latin American countries, a 
higher relative share of ﬁ sheries belongs to the artisanal sector (Andrew et al. 2007) 
and they are mostly unregulated (Defeo and Castilla 2005). Landings are rarely 
controlled because this would mean huge enforcement costs for countries where 
surveillance is a task for governmental agencies (Defeo and Castilla 2005). This leads 
to a severe underrepresentation of small-scale ﬁ sheries data passed from national 
agencies to the FAO (Jacquet et al. 2010) and their statistics should thus be used with 
caution.
Because of the dependence of coastal communities on their local resources with 
respect to economic welfare and sustenance, sustainable solutions for artisanal 
overﬁ shing are of even greater urgency than for industrial ﬁ sheries (Defeo and Castilla 
2005; Andrew et al. 2007). The socioeconomic implications of Latin American 
artisanal ﬁ sheries on wild benthic invertebrates are especially critical, as these ﬁ sheries 
are often based on high-value species and from stocks that are increasingly being 
depleted (Castilla and Defeo 2001). They follow a general trend of rapid expansion 
and, in some cases, serial depletion of global invertebrate ﬁ sheries (Anderson et al. 
2011). Because of the functional roles that invertebrates often play, this has serious 
implications for the marine ecosystems of which they are a part (Anderson et al. 2011). 
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All this holds true for Spondylus in Ecuador: it is a de facto unregulated ﬁ shery of which 
ofﬁ cial landings were never controlled or recorded and stocks have been depleted with 
problematic consequences for the ecosystem, as we will show in this thesis.
Fisheries are a key sector for the Ecuadorian economy, generating around 1 billion $ 
from exports, of which 540 million $ are derived from small-scale ﬁ sheries exports 
alone (FAO 2011). Around 1981, the number of artisanal ﬁ shers was estimated to be 
around 1,500 (Herdson et al. 1982).  Estimated numbers increased to 11,000 - 18,000 
in the late 1980s (Epler and Olsen 1993) and may have been as high as 44,000 
(Martínez 1987) depending on the data source (and whether ﬁ shing was deﬁ ned as 
a temporary or permanent activity). Ecuador has now the largest artisanal ﬁ shing 
ﬂ eet of all countries in the Southeast Paciﬁ c (Félix et al. 2006). Around 169,000 
artisanal ﬁ shers are ofﬁ cially registered in Ecuador (FAO 2011) and more work without 
registration (pers. observation). It is noteworthy, that Ecuador has reserved small-scale 
ﬁ sheries for its own citizens only (WTO 2004). Todays Ecuadorian Spondylus ﬁ shery 
is undertaken with a ﬁ breglass boat of 6-8 metres, usually with a 75 hp outboard 
engine operated by three people: a captain to navigate and handle the air compressor 
on the boat while two hookah (Esmeraldas) or scuba (Manabí, Santa Elena) divers go 
down to maximum depths of 25-30 meters and collect the bivalves manually (pers. 
observation). As is the case in many other artisanal ﬁ sheries, Spondylus is ﬁ shed under 
open access conditions, a fact that may have contributed to the overexploitation of the 
stock (but see the section on common pool resources in the discussion).
The Ecuadorian Spondylus ﬁ shery has a long tradition in coastal Ecuador and early 
signs of Spondylus trade date back to sometime between 2600 and 2000 BC (Solís 
2005; Solís 2006). Extensive literature is available on the history and traditional use of 
Spondylus for ceremonial and ritual purposes in pre-Hispanic contexts [(Paulsen 1974; 
Murra 1975; Marcos and Norton 1984; Marcos 1986a; Marcos 1986b; Hocquenghem 
and Ruiz 1994; Blower 1995; Bauer 2007; Bauer and Lunniss 2010) but see Carter 
2011) for an excellent updated discussion]. 
It is noteworthy that after being almost completely forgotten a long time, it was most 
likely an American archaeologist, who restored traditional use in the memories of local 
divers in Salango (Richard Lunniss pers. comm.; Bauer and Lunniss 2010). As recently 
as the 1980s, Spondylus appeared on menus of restaurants in the Province of Manabí. 
Their value was rediscovered and the exploitation of Spondylus accelerated with drastic 
consequences for the standing stock. This eventually resulted in a de jure ban of the 
ﬁ shery in October 2009 (see Appendix: Registro Oﬁ cial No. 58). Fishermen in Manabí 
reported that 3-4 dives yielded a catch of about 150 kg (muscle only!) in 1990. In 
1 General Introduction and Context of the Study
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2002, the same effort yielded a maximum of only 5 kg (Fabara 2003). A similar decline 
was observed when the interest spread further north to Esmeraldas 5-8 years later. In 
addition to the direct use of Spondylus for human consumption, demand was further 
fuelled by the use of their colourful shells for jewellery, both locally and in Peru (Fig. 1).
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1.3 Bivalves in science and ﬁ sheries
The phylum Mollusca is one of the largest, most diverse and important groups in 
the animal kingdom. There are more than 50,000 described species of which around 
30,000 are marine. Part of this phylum is the class Bivalvia with about 7500 species, 
many of which are commercially important, such as mussels, clams, scallops and 
oysters (Gosling 2003). Some bivalves adopt a burrowing lifestyle; another large group 
live by attaching themselves to a variety of surfaces. The attachment can either be 
provided by byssus threads or, like Spondylus, by a cement-like substance that ﬁ xes one 
of the valves to a substrate (Gosling 2003). 
Due to their shells, bivalves are the subject of studies from various ﬁ elds of science. 
The main component of bivalve shells is calcium carbonate (CaCO
3
) and the shells 
longevity as fossils helps archaeologists and anthropologists to understand old trade 
routes, rituals and traditions. Geologists use fossil shells to date rock layers and 
Fig. 1: Typical jewellery made of Spondylus
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formations, and also recent shells are often well suited for (long-term) environmental 
reconstructions. Many bivalve shells display growth rings that are formed due to 
changes in environmental parameters such as water temperature, salinity and light, 
which inﬂ uence the availability of food and therefore the metabolism and the growth 
of the animal. Stable isotopes of bivalve shells can provide proxies for high-resolution 
records of environmental parameters (Goodwin et al. 2001; Schöne et al. 2002; 
Schöne 2003; Schöne et al. 2003; Carré et al. 2005; Schöne et al. 2005).
Besides their value for the different ﬁ elds of scientiﬁ c research, bivalves also play 
an important role in human consumption and catches have increased consistently 
since 1950, peaking in 1984 at approximately 2.2 Million tonnes (Fig. 2). Catches 
have subsequently fallen, which has been associated with a worldwide trend of 
overharvesting invertebrate stocks (Anderson et al. 2011).
1 General Introduction and Context of the Study
Fig. 2: FAO Statistics of marine bivalve captures worldwide1950 - 2011
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1.3.1 The family Spondylidae with its single genus Spondylus
The family Spondylidae (Gray 1826) consists of a single but rather conspicuous 
genus: Spondylus (Linnaeus 1758), also known as “thorny” or “spiny oysters”. There are 
an estimated 76 species living in tropical and subtropical waters worldwide (Lamprell 
2006). Spondylidae are closely related to the Pectinidae with whom they share the 
complex eyes around the mantle and a relatively well developed nervous system. In 
contrast to the overall biology and ecology of the genus, the general anatomy and 
morphology are well known and documented (Dakin 1928a; Dakin 1928b; Yonge 
1973; Zavarei 1973; Logan 1974; Lamprell 2006). Spondylidae exhibit medium-sized 
to large shells with prominent radial (spiny) ribs. Crossed-lamellar aragonite is the 
dominant substance, covering the hinge plate and extending outside the pallial line 
almost reaching the edges (Waller 1978).  
The hinge shows two large isodont teeth and the ligament is sunken in a triangular 
slot (Fig. 3). The shell has unequal valves of which both or at least the left (top) valve 
1 General Introduction and Context of the Study
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Fig. 3: Internal view of the left or upper valve (LV) and right or lower valve (RV) of Spondylus 
crassisquama (Lamarck, 1819). Dorsal (D), ventral (V), anterior (A) and posterior (P) orientation is given in 
brackets for each valve. Modiﬁ ed from Lamprell (2006)
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feature prominent auricles (Figs. 3 & 4). All Spondylids are monomyarian, with a large 
(rather posterior) muscle that consists of two sub-equal parts: a striated quick and a 
non-striated, smooth catch muscle. Also common among all species of Spondylus is the 
cementation to a substrate for at least a part of their lifecycle (Logan 1974) and the lack 
of a byssal notch in adults. They pass through a byssate stage only in early ontogeny 
(Harper 1991). Despite their abundance and economic importance in parts of the 
world, studies on the biology and ecology of Spondylidae are rather underrepresented. 
Spondylids are gonochoric (or more rarely hermaphroditic) and broadcast spawners 
(Parnell 2002), i.e. gametes are released into the water column and fertilization 
occurs externally. The massive, thick shells have received considerable scientiﬁ c 
interest and their microstructure was analysed in detail (Carter 1990). However basic 
growth parameters are still unknown and attempts at aging Spondylidae have differed 
considerably in their results (Fabara 2003; Cudney-Bueno and Rowell 2008). 
Owing to their generally large intraspeciﬁ c variability (Whitehead 1989), the 
taxonomy of Spondylus is under permanent revision and the potential for hybridisation 
Fig. 4: External view of the left or upper valve (LV) and right or lower valve (RV) of Spondylus 
crassisquama (Lamarck, 1819). Dorsal (D), ventral (V), anterior (A) and posterior (P) orientation is given in 
brackets for each valve. Modiﬁ ed from Lamprell (2006)
UMBONAL AREA
SOCKETS LIGAMENT
AURICLES
(P)
(V)
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RV
(A) (A)
(D)(D)
MARGIN RIBS
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is assumed (Lamprell 2006). Widespread confusion exists as to the ofﬁ cially 
acknowledged species (and names) for the three species found along the mainland 
coast of Ecuador. They have undergone various scientiﬁ c revisions, the most recent 
by Huber (2009). Due to this recent confusion and because formerly accepted names 
were used in the ﬁ rst manuscript of this thesis (manuscript 2.1) as well as in the ofﬁ cial 
governmental documents, clariﬁ cation on the three Ecuadorian species is provided 
here:
 Spondylus limbatus (G. B. Sowerby II, 1847) 
was formerly known as S. calcifer (Carpenter, 1857) and corrected to the earlier name 
by Lamprell (2006). He found this species distributed from the Sea of Cortez/ Mexico 
in the north to Ecuador in the south. According to Keen (1971), S. limbatus is by far 
the largest of west American thorny oysters and reaches lengths up to 249 mm. The 
external structure is often heavily eroded when it ages (Fig. 5). We found S. limbatus 
in Ecuador usually attached with almost the entire right valve and thus very variably 
taking the form of the rock or crevice where it attaches. According to Lamprell (2006), 
S. limbatus is found from the intertidal to a depth of 30 metres and can live in tidal 
as well as in quiet, silty conditions which are unsuitable for the other two species 
described below. In our dives, we never found individuals in the intertidal zone, nor 
in depths less than 12 metres, most likely because these shallow waters had been 
deprived of Spondylus long ago.
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Fig. 5: Spondylus limbatus in situ (A) and one specimen from Ayangue (B), the lower valve is deformed 
due to growth along a rock and the outer parts of the valves show typical signs of age: lack of spines and 
overgrowing by encrusting structures such as sponges.
1 cm
A
B
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 Spondylus crassisquama (Lamarck, 1819)
is the earlier and thus correct name of what has for a very long time been famously 
known as S. princeps (Broderip, 1833). A false location given for the lectotype of 
S. crassisquama led to the newer nomenclature before Huber (2009) clariﬁ ed the 
identiﬁ cation. Lamprell (2006) corrected the previously documented distribution 
between Baja California in the north and Isla de la Plata, Ecuador in the south (Skoglund 
and Mulliner 1996): according to his ﬁ ndings, S. crassisquama occurs much further 
south down to northwest Peru. We consider this distribution to be more appropriate as 
we came across S. crassisquama shells sold in the stores of Salinas, southern Ecuador 
(Fig. 8), which were bought from local divers and local sites (pers. comm.). We found 
specimens up to a height of 170 mm, with the bigger (older) animals of our collection 
lacking the spines of younger conspeciﬁ cs (similar to S. limbatus). The attachment 
area is usually much smaller than in S. limbatus allowing the valves to grow in a more 
roundish shape (Fig. 6) than S. limbatus. The habitat is usually described as rocks, 
dead corals and shells as attachment objects in depths between 3 and 28 (Skoglund 
and Mulliner 1996) or between 5 and 35 metres (Lamprell 2006). At our study sites 
in Esmeraldas, we found S. crassisquama as a free-living species on sandy or pebble 
bottoms lacking (former) attachments.
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Fig. 6: Spondylus crassisquama in situ (A) and cleaned for selling in a jewellery store in Quito (B).
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 Spondylus leucacanthus (Broderip, 1833)
has been conﬁ rmed by Huber (2009) as a correctly named, valid species. The 
distinction between S. crassisquama and S. leucacanthus has been documented by 
Skoglund and Mulliner (1996). The distribution ranges from Baja California in the 
north to Isla de la Plata, Ecuador in the south. I never came across a single specimen 
of S. leucacanthus in all my dives in Esmeraldas, Manabí or Santa Elena. They are 
assumed to share a similar habitat type with S. crassisquama, but range much 
deeper. I would conﬁ rm the latter assumption, since our dives in Esmeraldas and 
elsewhere were usually limited to a depth of 30 metres and my only observed catch 
of S. leucacanthus was from the by-catch of a trawl net, ﬁ shing in depths between 50 
and 90 metres. We excluded this species from our studies due to the difﬁ cult access, 
general low quantities and lesser importance on the local markets.
1.4 Ecuador and the main research areas
Ecuador features a coastline of 2859 km along the equatorial Paciﬁ c (Coayla 
Berroa and Rivera Miranda 2008) with an Exclusive Economic Zone (EEZ) of 236,597 
km2 of which 23,894 km2 are Inshore Fishing Area (IFA1). The equatorial Paciﬁ c 
is a high-nitrate, low chlorophyll region where productivity is generally limited by 
iron (Behrenfeld et al. 2006). The coasts of Ecuador and Peru provide distinctive 
oceanographic conditions owing to their low latitude. In comparison with similar 
winds at higher latitudes, the diminished Coriolis force allows constant winds towards 
the equator to drive larger Ekman transports and upwelling (Strub et al. 1998). The 
offshore region north of the equator (Panama Basin) and the region between 0° and 
15° South (Peru Basin) are divided by the Carnegie Ridge, which stretches westwards 
to the Galapagos Islands. The coastal zones of Ecuador are under the inﬂ uence of a 
complex system of three currents: Warm waters (over 25° C) of low salinity (less than 
33.5 ppt) are transported from the north with the Panama Current and form a tropical 
zone down to the 1-2° South latitude. The Humboldt Current inﬂ uences the Ecuadorian 
coastal systems with cold (18-20° C) waters from the south. This builds a temperate 
1 General Introduction and Context of the Study
1 The Inshore Fishing Area (IFA) represents the area between the shoreline and either 200 m depth or 
50 km distance from shore, whichever comes ﬁ rst (Sea around us 2013).
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Fig. 7: Simpliﬁ ed overview on the oceanographic conditions off the Ecuadorian coast showing the 
main currents and their directions marked as red (warm Panama Current from the North), black (cold 
Humboldt Current from the South) and grey arrows (Cromwell Current ﬂ owing eastwards beneath the 
former two).
zone up to the 4° S latitude, which occasionally (depending on the season) reaches up 
to the Santa Elena tip or even the centre of the Ecuadorian coastline. The conjunction 
of these two current systems forms a front of mixed waters with high marine 
productivity. The Equatorial Undercurrent or Cromwell Current reaches the Galapagos 
Islands and the mainland from the west and combines high salinity with high oxygen 
and low nutrient values (Tsuchiya 1985). This current runs below and counter to the 
prevalent course of the Humboldt Current (Epler and Olsen 1993). Still, net primary 
production is high along the equatorial line due to the equatorial upwelling (Saba et 
al. 2008). The circulation system becomes even more complex when seasonality is 
considered [see Wyrtki (1966) for details]. In conclusion, all the different water masses 
(Fig. 7), together with the related climate conditions and marked oceanographic 
ﬂ uctuations during (austral) summer and winter all combine to provide ideal conditions 
for a large number of distinct climates and habitats. Furthermore, Ecuador forms part of 
the ENSO (El Niño Southern Oscillation) impact zone.
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1.4.1 Study site off Atacames in the province of Esmeraldas
The oceanographic characteristics in Esmeraldas are very different from the 
rest of the Ecuadorian coast. Warm waters between 22° and 27° C (annual mean 
24.5° C) are present almost throughout the year and make this a zone of tropical 
inﬂ uence. This is largely reﬂ ected by the local biodiversity with many ﬂ ora and fauna 
representatives of the tropical countries further north (Reck and Hurtado 1993). The 
river Esmeraldas reaches the ocean at N 0°59’54.1”-W 79°38’37.7” and its freshwater 
and sedimentation has a large impact on the area. Until the late 1980s almost one third 
of the mangrove cover in the area Atacames – Sua – Muisne was removed to construct 
shrimp basins (Programa de Manejo de Recursos Costeros 1993). This has not led to 
the intended reduction in poverty and the province of Esmeraldas is still one of the 
poorest in the country: the lowest GNP at $670 per capita (43% lower than national 
average) is found here (UNDP 2012). Esmeraldas is also one of three key provinces 
for artisanal ﬁ sheries in Ecuador (FAO 2011) and the areas off the coast of Atacames 
where our study site is located, are targeted by divers and ﬁ shermen for their “bajos” 
(shallow waters).
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Fig. 8: Map of Ecuador with the respective study sites in the provinces of Esmeraldas in the North and 
Santa Elena in the South (study sites are depicted in red)
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1.4.2 Study site off Ayangue in the province of Santa Elena
Cold waters originating from the Humboldt Current are the main inﬂ uence for 
the southern coast of Ecuador, including the province of Santa Elena. The offshore 
temperature ranges between 17 and 22° C, with an annual mean of 19.5° C in years 
with no El Niño activity. The province was founded in 2007 and thus most data with 
respect to ecology or socio-economy is lumped together with the province of Guayas of 
which it was formerly part of. 
1.5 Concept of the thesis
In October 2009, an ofﬁ cial ban was declared for the ﬁ shery on Spondylus calcifer 
(i.e. S. limbatus) and S. princeps (i.e. S. crassisquama) (Acuerdo ministerial No 136, 
see Appendix). No further capture, transport, commercialisation and consumption 
were allowed beginning 15 days after publication of the Registro Oﬁ cial No. 58, the 
document containing the declaration (Ma. Christina Puente pers. comm.). This was 
followed by a public campaign against the consumption and purchase of Spondylus 
and its products (see appendix).
This ﬁ shery ban went into effect without an ofﬁ cial ending date announced; the 
document says instead that the ban should be in place as long as there are no scientiﬁ c 
studies on the population and on sustainable use that provide the measures necessary 
to establish a responsible ﬁ shery:
“Art. 1.- Declarar una veda permanente del recurso concha Spondylus Calcifer y 
Spondylus Princeps sobre cualquier forma de captura, transporte, comercialización 
y consumo, hasta que no existan estudios científi cos de población y aprovechamiento 
sustentable que sustenten las medidas de ordenamiento necesarias para establecer una pesca 
responsable.”
 (Acuerdo ministerial No 136, see Appendix)
The objective of this thesis was thus to develop the knowledge base required for the 
management and sustainable use of Spondylus resources in Ecuador. These include 
basic knowledge of population dynamics such as the parameters for reproductive effort 
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and growth. We also included ecological questions on the functional role of Spondylus 
to provide a broad picture of this poorly studied genus. The three manuscripts that 
describe the key investigations of this thesis are as follows:
Manuscript I 
We assessed the reproductive cycle of Spondylus limbatus and S. crassisquama 
and the respective environmental triggers and compared them with studies on the 
same species under different environmental conditions (Mexico). Additionally, we 
evaluated whether the current population status and reproductive effort of these two 
species allow a recovery on its own on the basis of their distinct fecundity estimates 
and discuss if/what further measures are necessary before a possible reopening of the 
ﬁ shery.
---
Chapter 2.1: The Fate of Spondylus stocks (Bivalvia: Spondylidae) in Ecuador: is 
Recovery likely?
Manuscript II
We determined the growth parameters (K and S
00
) for Spondylus limbatus and 
S. crassisquama for the ﬁ rst time and by means of the von Bertalanffy growth equation. 
To ensure species distinction, both encountered Spondylus morphotypes were tested 
for DNA differences. Additionally, we evaluate the potential of Spondylus to provide 
estimates of the environmental history of this area with the help of a stable isotope 
analysis.
---
Chapter 2.2: Towards Individual Growth Models for Spondylus limbatus G. B. Sowerby 
II, 1847 and S. crassiquama Lamarck, 1819
Manuscript III
We evaluated the ecological importance of Spondylus crassisquama and the functional 
role as a foundational species (responsible for providing the foundation of a habitat) 
for a variety of drilling and non-drilling organisms and deﬁ ned these functional threads. 
Additionally, we evaluate for the ﬁ rst time the impact of the associated organisms on 
the shell structure of S. crassisquama by means of a three-dimensional MRT video.
---
Chapter 2.3: Spondylus crassisquama Lamarck, 1819 as a microecosystem and the 
effects of associated macrofauna on its shell integrity: isles of biodiversity or sleeping 
with the enemy?
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2 MANUSCRIPTS
The following chapters are manuscripts already published (2.1 + 2.3) or ready for 
submission (2.2). The respective contributions of the authors are listed below each title:
2.1 The Fate of Spondylus stocks (Bivalvia: Spondylidae) in Ecuador: is 
Recovery likely?
 Annika K. Mackensen, Thomas Brey, Stanislaus Sonnenholzner
AKM was responsible for the study design, sampling, histological and all other lab work 
and measurements, data analysis/ interpretation and manuscript writing; TB supported 
the statistical data analysis and commented on the manuscript; SS provided comments 
on the manuscript.
This manuscript is published in the Journal of Shellﬁ sh Research Vol. 30 (1), 115–121, 
2011. DOI: 10.2983/035.030.0117
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THE FATE OF SPONDYLUS STOCKS (BIVALVIA: SPONDYLIDAE)
IN ECUADOR: IS RECOVERY LIKELY?
ANNIKA K. MACKENSEN,1,2* THOMAS BREY2 AND STANISLAUS SONNENHOLZNER3
1Nazca Institute for Marine Research, Quito, Ecuador; 2Alfred Wegener Institute for Polar and Marine
Research (AWI), Bremerhaven, Germany; 3Centro Nacional de Acuicultura e Investigaciones Marinas,
San Pedro- Manglaralto, Ecuador
ABSTRACT The bivalve genus Spondylus, with its large andmagniﬁcent shells, has played an important cultural and economic
role in coastal Ecuador that reaches back to Valdivian and Incan times. At least 2 of the 3 occurring species lately faced
exploitation rates that the populations could not sustain, and a ﬁshing ban for Spondylus calcifer and Spondylus princeps was
announced in October 2009. The objective of this study is to evaluate the recovery potential of the stocks that are still present.
We analyzed the reproductive cycle of S. calcifer in the area of Ayangue (Santa Elena Province), and its relation to temperature
and food abundance. In addition, we calculated fecundity values for the two threatened species. Our results show that S. calcifer
in Ayangue reproduces year-round, although with a peak in October to December, when temperature is low and chlorophyll
concentration is high. The total fecundity increases with soft bodymass and is signiﬁcantly higher in S. calcifer than in S. princeps.
The individual fecundity levels in our study range from 2.2–8.3 million eggs in S. princeps, and from 2.9–35 million eggs in
S. calcifer, which is in the range of better studied oyster and scallop species. With the latest observations on current densities of
both species, we conclude that these have long fallen below the reproduction thresholds for other broadcast spawning
invertebrates, and possibly for positive net recruitment rates. Because broadcast spawners are susceptible to mate limitation
(which is the dominant cause of Allee effects in aquatic invertebrates), the reproductive asynchrony we found in Spondylus
populations in Ecuador further increases the signiﬁcance of potential depensatory mechanisms and of nearest neighbor distance.
KEY WORDS: reproductive cycle, fecundity, overﬁshing, broadcast spawners, recruitment failure, Allee effect, depensation
INTRODUCTION
The family Spondylidae (Gray, 1826) consists of only one
genus—Spondylus (Linnaeus, 1758)—commonly also called
thorny oysters, with about 76 living species worldwide (Lamprell
2006). Spondylidae are closely related to the Pectinidae, with
whom they share the complex eyes around the mantle and a
relatively well-developed nervous system. Three species can be
found along the Ecuadorian coast: Spondylus princeps (Broderip,
1833) and Spondylus leucacanthus (Broderip, 1833), whose
distinction has been documented by Skoglund and Mulliner
(1996); and Spondylus. calcifer (Carpenter, 1857), which is by far
the largest west American thorny oyster. Lamprell (2006) found
this to be a synonymy of the earlier name Spondylus limbatus
(Sowerby, 1847). However, as long as the ICZN has not
ofﬁcially made a decision on the scientiﬁc name, we continue
to use S. calcifer. This species is distributed from the Gulf of
California to Peru and can be found from intertidal to subtidal
zones, attached by the right valve to exposed boulders or under
rock ledges (Skoglund & Mulliner 1996).
The large and magniﬁcent Spondylus shells have a long
history in South American culture as ceremonial offerings and
currency, reaching back to Valdivian and Incan times (Paulsen
1974). Beginning in 1990s, after centuries of oblivion, S. calcifer
and S. princeps have made a comeback as a valuable resource in
coastal Ecuador. The reinvention of handicrafts (jewelry) using
Spondylus and its recent fame as a delicacy, probably resulting
from a misinterpretation of the nickname manjar de los dioses
(‘‘food of the gods’’; most likely for their ancient use as
ceremonial offerings); fostered a rapid decline of the stocks in
Manabı´.
Authorities never recorded ofﬁcial landings; we are only
aware of unpublished ﬁgures from a conference in 1998, when
annual landings of more than 150,000 lb. (68,040 kg) of
Spondylus ﬂesh were reported for only the four villages of
Salango, Puerto Lopez, Machalilla, and Puerto Cayo (Manabı´)
(Ma. Cecilia Te´ran, Instituto Nazca, pers. comm., February
2009). Anecdotal evidence indicates the susceptibility of Spon-
dylus to ﬁsheries. In Esmeraldas, divers started to collect S.
princeps in 2000, mainly for the demand of arriving Peruvian
artisans (who reported their own Spondylus stocks as already
being depleted). When they ﬁrst began diving for Spondylus,
a ﬁsherman could easily collect around 300 animals per day at
certain sites. After less than 7 y, with only 3–4 operating boats
and a yearly ‘‘natural’’ closed season from December to April
(resulting from turbid waters and a shift to other target
species), divers stated that it was already not worth paying
the fuel to search for Spondylus, because they had become so
scarce.
Obviously, exploitation rates were way too high along the
entire Ecuadorian coast. In October 2009, the subsecretary of
ﬁshery resources in Ecuador ﬁnally took action and announced
a complete closure of S. calcifer and S. princeps ﬁsheries (Sub-
secretaria de Recursos Pesqueros, registro oﬁcial no. 58), at least
until the current state of the population is evaluated. The
subsecretary also recommended identifying and fostering mea-
sures for a sustainable use of Spondylus resources. The Instituto
Nacional de Pesca (INP) is currently undertaking investigative
efforts on the densities of both Spondylus species. However,
when monitoring six formerly known Spondylus ﬁshing sites of
100 m2 in the coastal waters of Santa Elena during April 2010,
not a single living specimen was found (INP 2010). At other
sites, only a few individuals were located. If undiscovered
populations are found, one must ascertain whether it is possible
to turn Spondylus ﬁsheries into a continuous source of income
*Corresponding author. E-mail: amackensen@institutonazca.org
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for the artisanal sector at local/regional scales by means of an
appropriate and sustainable management scheme. We cannot
determine this question yet, because next to nothing is known
about the biology and population dynamics of Spondylus spp.
in Ecuador, and very little is known the about biology and
ecology of this genus in general. This study will provide basic
information on the reproduction of Spondylus in Ecuadorian
waters; this information is essential for the development of a
sustainable management scheme.
There is extensive literature on bivalve reproduction (e.g.,
Giese & Pearse 1974, Sastry 1979, Barber & Blake 1983, Gosling
2003), showing that reproduction is controlled by a complex
interchange of exogenous factors such as temperature, food,
salinity, and light, with endogenous regulations such as nervous
and/or neuroendocrine control systems and genotype. Only one
study clearly focused on the reproduction of S. calcifer, and
documented a well-pronounced seasonality for Bahı´a de Loreto,
Mexico, a place where the annual amplitude in SST is about 10C
(Villalejo-Fuerte et al. 2002). According to that study, this species
is gonochoric and, unlike in other bivalves, spawning takes place
during times of low food availability. Temperature increase was
found to initiate gonad maturation, and a threshold water tem-
perature of 29C was linked with spawning. A more recent but
less detailed study fromMexico concludes a similar reproductive
strategy for S. princeps (Villalejo-Fuerte et al. 2005). Our study
area for S. calcifer in the province of Santa Elena is characterized
by a much lower annual SST amplitude (23–27C) and overall
lower temperature.
In the current study we evaluate whether reproduction of
Spondylus in Ecuadorian tropical waters is seasonal and, if so,
whether it is possible to identify drivers of the gonad cycle. In
addition, we quantify gonad output and discuss whether popu-
lation fecundity at the current low abundance level is still suf-
ﬁciently high to enable stocks to recover.
MATERIALS AND METHODS
Sampling was conducted near Ayangue in the province of
Santa Elena (Fig. 1, site A), Ecuador (themembers of the ﬁshing
community usually do not reveal exact coordinates). Local
divers collected 126 adult specimen of S. calcifer on 15 sample
trips with monthly intervals from October 2007 to April 2009.
No samples were collected in January 2008 andDecember 2008/
January 2009 because of turbulent water conditions. Spondylus
was already considered to be scarce and difﬁcult to ﬁnd at that
time; thus, the number of individuals per sampling date was
kept low (4 in October andNovember 2007, 5 inDecember 2007
and February 2008, 10 in March 2008 to February 2009, and 7
in March 2009). In addition, we collected 68 S. princeps near
Atacames in the province of Esmeraldas (Fig. 1, site B; 12 in
November 2007, 9 in June 2008, 8 in August 2008, 9 in February
2009, and 10 each in March, April, and May 2009).
The height, length, and weight of each bivalve shell were
recorded, and the soft part of the animal was extracted and ﬁxed
in Davidson solution (Howard & Smith 1983) for 24 h.
Spondylus has anatomically distinct gonads that can be re-
moved intact from dead animals.Wet weight of gonads, muscle,
and remaining soft parts were recorded. Gonads were dehy-
drated in an alcohol series and prepared according to standard
histological processes. Four-micrometer sections were placed
on slides and stained with hematoxylin–eosin. Each gonadal
slide was analyzed microscopically, sex was determined, and
a gonadal stage was assigned. The gonad developmental stages
were deﬁned, and an index was assigned to each stage ranging
from 0–1 using the following categories:
Cytolized (indifferent): index 0; sex determination difﬁcult
Preactive: index 0.5; evident follicular development, interfollic-
ular conjunctive tissue present
Active: index 1; interfollicular conjunctive tissue absent or
scarce, follicles full of ripe gametes, spermatozoa in order
and oriented with the ﬂagella toward the center of the follicle,
oocytes in polygonal shape pressed against each other
Spawning: index 0.5; ripe gametes released through gonoduct,
conjunctive tissue scarce and scattered, groups of spermato-
cytes in central position in the tubules, remaining oocytes still
polygonal, free or attached at one side of the follicle
The mean condition index (CI) for each monthly sample was
calculated as follows:
CI ¼ ðNpreact3 0:5 + Nact3 1 + Nspawn3 0:5Þ=ðNindif + Npreact
+ Nact + NspawnÞ
Quantitative analysis provided further information on the
reproductive state. In each female (except for cytolized animals),
the diameter of at least 100 randomly selected oocytes was
measured (Grant & Tyler 1983). Because female acini tend to have
irregular shapes, the longest dimension was recorded and deﬁned
as ‘‘diameter.’’ Oocyte size frequency distributions per female and
per sampling date were established from these data. Last, a gonad
index (GI) was computed from the ratio of the wet weight of the
gonads to the total animal wet mass (Giese & Pearse 1974):
GI ¼ ðMgonad=MtotalÞ3 100
Temperature data for Santa Elena were obtained from the
station ‘‘El Pelado’’. We used chlorophyll concentration as a
measure for food availability. The chlorophyll series is a merged
product from several satellites: SeaWiFS (NASA), MODIS
(NASA), MERIS (ESA) (http://hermes.acri.fr/GlobColour/
index.php).
Figure 1. Study sites in the 2 provinces of Esmeraldas and Santa Elena.
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We calculated the mean fecundity Negg of each species of
various size classes (16 S. calcifer from the Ayangue area and 23
S. princeps from the Atacames area) with the gravimetric
method used in ﬁnﬁsh on the basis of gonad weight and
oocyte density (Murua et al. 2003). We tested for signiﬁcant
differences in Negg between the two species via ANCOVA of
eggs per female versus species, with a covariate of total soft
body mass.
RESULTS
During reproductive development and activity, the Spondy-
lus gonad is white to cream in males and orange to red in
females. Of the 126 specimens of S. calcifer examined, 54 were
males, 44 were females, and 24 were animals in the indifferent
stage. We found four hermaphroditic individuals, with one
recognizable during dissection because of orange gonads exhib-
iting white spots. For a comparative study, we took samples of
S. princeps in Esmeraldas. Of the 68 specimens of S. princeps
examined, 28 were males, 34 were females, 4 were hermaphro-
dites, and 2 were animals in the indifferent stage.
Gonad Development
Gonad stage distribution in S. calcifer at Ayangue was
highly variable between samples (Fig. 2B). Preactive organisms
were present in all the months sampled, besides October to
December 2007, when the number of sampled individuals per
monthwas 4 and 5, respectively. Only 3 individuals of all samples
were found in the spawning stage (1 in each sample in July 2008,
and February and March 2009). The share of animals in the
active stage was highest in October 2007 (100%) and October
2009 (70%), respectively. Most animals in the cytolized stage
were found during the highest temperatures in February 2008
(80%) and March 2009 (83%).
The CI for S. calcifer in Ayangue attained maximum values
in October 2007 and minimum values in February/March 2008
and March 2009 (Fig. 2C), during times of lower temperatures
and higher chlorophyll concentrations. TheGI showed a similar
pattern, with the ratio of gonad to total weight increasing from
March to October and decreasing slightly thereafter (Fig. 2D;
please note that the ﬁrst months of sampling were excluded
from this analysis because of a different dissection technique).
Multiple linear regression identiﬁed a signiﬁcant positive effect
of temperature on the CI (n ¼ 17, P ¼ 0.025, r2 ¼ 0.399) as well
as on GI (n ¼ 102, P ¼ 0.017, r2 ¼ 0.048), whereas chlorophyll
concentration affected neither CI (n¼ 17,P¼ 0.520, r2¼ 0.038)
nor GI (n ¼ 102, P ¼ 0.165, r2 ¼ 0.012). Mean oocyte diameter
showed a less distinct seasonal pattern (Fig. 2E). Nevertheless,
oocyte diameter was signiﬁcantly affected by temperature (P <
0.001), by chlorophyll concentration (P ¼ 0.008), and by the
interaction between the 2 parameters.
OD ¼ 110:819 2:5333 T + 0:8833 Chl + 1:480
3 ðT 24:800Þ3 ðChl 1:891Þ;
ðn ¼ 3; 947; r2¼ 0:059; P < 0:001; F ¼ 82:446Þ
Note that temperature (T) and chlorophyll (Chl) are ad-
justed to a mean of 0 in the interaction term to make the test for
the main effects independent of the test for interaction (centered
polynomials). The corresponding contour plot illustrates the
overall strong negative relationship between temperature and
oocyte diameter, whereas the positive effect of chlorophyll
becomes apparent at higher temperatures only (Fig. 3).
Most of our gonad preparations of S. princeps from
Atacames got lost during a robbery; hence, only a few months
could be analyzed (Fig. 4). These data indicate a high share of
active animals during February, March, and April 2009 (67%,
90%, and 100%, respectively), coinciding with months of high
chlorophyll concentrations (unfortunately, SST data were not
available for Atacames).
Individual fecundity ranged from 2.2–8.3 million eggs in
S. princeps and from 2.9–35 million eggs in S calcifer. Total
fecundity increased with soft body mass and was signiﬁcantly
higher in S. calcifer than in S. princeps.
Negg¼3; 907; 819 + 136; 234:5433M
+ Xtaxon3 2; 191; 962:423
ðn ¼ 39; r2¼ 0:539; P < 0:001; F ¼ 21:047Þ
where Xtaxon is –1 for S. calcifer and +1 for S. princeps. The
interaction effect of taxon3body mass was not signiﬁcant (P¼
0.457).
DISCUSSION
All reproductive parameters analyzed here—histological
sections (Fig. 2B), gonad condition (Fig. 2C (generally consid-
ered to be the most sensitive to changes in the reproductive
development), gonadosomatic index (Fig. 2D), and oocyte
diameter (Fig. 2E)—showed a consistent picture of the re-
productive development of Spondylus calcifer. This species
reproduces year-round in Ayangue, with a peak in October to
December, when temperature is low and chlorophyll concen-
tration is high (Fig. 2A). During times of higher temperature,
the season with less activity was reﬂected by smaller oocytes,
whereas the largest oocytes (associated with highest reproduc-
tive activity) were present during times of low temperature and
high chlorophyll values (Oct. 2007 and September/October to
December 2008). The overall small proportion of animals found
in the spawning stage indicates that S. calcifer individuals from
Ayangue are distinct batch spawners (i.e., all gametes are
released in a short period of time).
Parnell (2002) reports that larvae of Spondylus tenebrosus are
common throughout the year in Hawaiian waters, and con-
cludes that this species is likely to spawn more than once a year,
as do many other tropical pectinids (Baqueiro Ca´rdenas &
AldanaAranda 2000). Temperature is the exogenous factor that
is most often cited as inﬂuencing gametogenesis in bivalves.
Gosling (2003), on the other hand, concluded that food, rather
than temperature, is the major factor determining the timing of
gametogenesis in many bivalve species. In general we know that
marine benthic invertebrates with planktotrophic larvae tend
to adjust both width and temporal position of the ‘‘spawn-
ing window’’ to the seasonal availability of food supply for the
larvae, because their survival is strongly affected by food
limitation (Bos et al. 2006). Villalejo-Fuerte et al. (2002) found
that in Bahı´a de Loreto, Mexico, S. calcifer exhibits a distinct
spawning season from August to October that coincides with
high water temperature and low chlorophyll concentrations.
They presume that S. calcifer need high phytoplankton
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concentrations during the time of oocyte ripening, and that
29C is the threshold temperature at which spawning occurs.
Temperature conditions in our study area (23.3–27.3C) are
comparable with Hawaiian conditions (23.3–27.5C). In other
words, the annual amplitude is much lower than the 10C range
(19–29C) in the study area of Villalejo-Fuerte et al. (2002).
In our study we worked with Spondylus populations that
obviously do not require such an extreme thermal trigger for
Figure 2. Different parameters of the reproductive cycle of Spondylus calcifer in Ayangue. Gonad stages were cytolized ( ), preactive ( ), active ( ),
and spawning ( ). (A) Exogenous factors. (B) Qualitative analysis. (C) Gonad condition. (D) Gonad index. (E) Oocyte diameter.
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spawning. The annual range of chlorophyll concentration is
quite similar in Bahı´a de Loreto (monthly mean, 0.25–2.15 mg
chlorophyll/m3) and Ayangue, Santa Elena (0.6–2.8 mg chlo-
rophyll/ m3), with the difference that our investigation area
shows a 10–month period of values over 1 mg chlorophyll/m3
compared with 4 mo only in Bahı´a de Loreto. Because food
supply in our study area seems secured most of the year, there
is no need to accumulate and transfer nutrient reserves from
the digestive gland to the gonads, as was suggested for the
Bahı´a de Loreto population (Villalejo-Fuerte et al. 2002).
Hence, we interpret the annual spawning pattern of S. calcifer
in Ayangue (year-round with a peak between October and
December) as an adaptation to the local pattern of food
availability for the larvae. The Humboldt Current seasonally
inﬂuences our study sites with cold, nutrient-rich waters, and
the active period in both species apparently precedes the
chlorophyll peak slightly (Figs. 2 and 4). It is yet to be
unresolved which signal may trigger the ripening process,
because chlorophyll concentrations are just a proxy for
primary production.
Figure 3. The contour plot illustrates the overall strong negative relationship between temperature and oocyte diameter, whereas the positive effect of
chlorophyll becomes apparent at higher temperatures only.
Figure 4. Qualitative analysis of the reproductive cycle of Spondylus princeps in Atacames. Gonad stages were cytolized ( ), preactive ( ), active ( ),
and spawning ( ).
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Reports from ﬁshermen indicate a high sensitivity of Spon-
dylus species to ﬁshery pressure in Ecuadorian waters, as yields
diminished rapidly despite a comparably low ﬁshing effort.
Fecundity of both S. calcifer and S. princeps is within the range
of better studied oyster and scallop species (Helm et al. 2004),
but fecundity by itself is a poor trait to predict species
vulnerability to exploitation (Dulvy et al. 2003). Net recruit-
ment rate would be the parameter of interest, but these data are
lacking completely. This is most necessary, because all Spondy-
lus species are broadcast spawners (Parnell 2002). Broadcast
spawners are especially vulnerable toAllee effects (we follow the
deﬁnition given by Stephens et al. (1999), which describes the
Allee effect as ‘‘a positive relationship between any component
of individual ﬁtness’’ [in our case, reproduction] ‘‘and either
numbers or density of conspeciﬁcs’’, p. 186), because fertiliza-
tion success depends on the concentration of sperm and eggs in
the water column (Gascoigne & Lipcius 2004a) and because
broadcast spawners are more susceptible to mate limitation
(Gascoigne et al. 2009), which is the dominant cause of Allee
effects in aquatic invertebrates (Kramer et al. 2009). The fact
that S. princeps and S. calcifer are dioecious (Villalejo-Fuerte
et al. 2002; Villalejo-Fuerte et al. 2005), as well as the less
synchronized reproduction as we found it at our Ecuadorian
study sites, further increases the signiﬁcance of potentially
depensatory mechanisms and the importance of nearest neigh-
bor distance (Babcock & Keesing 1999). Asynchrony in re-
production generally promotes Allee effects at low densities for
species for which asynchrony at high densities is evolutionary
beneﬁcial (Calabrese & Fagan 2004, Levitan & McGovern
2005), and possibly augments the susceptibility of Ecuadorian
Spondylus populations to ﬁshery pressure in comparison with
the population in Bahı´a de Loreto with synchronized spawning.
High exploitation rates together with Allee effects have been
proved to cause fatal consequences for invertebrate populations to
the point of extinction (e.g., in queen conchs (Strombus gigas)
(Stoner & Ray-Culp 2000, Gascoigne & Lipcius 2004b), white
abalone (Haliotis sorensi) (Hobday et al. 2001) greenlip abalone
(Haliotis laevigata) (Babcock & Keesing 1999), and in giant clams
and sea cucumbers (Roberts & Hawkins 1999)). For the greenlip
abalone, fertilization rates drop rapidly when individuals are
separated by 1–4 m (Babcock & Keesing 1999). Levitan and
McGovern (2005) found that, formany species, sperm limitation is
likely whenmales are more than a fewmeters away from a female.
Natural densities of several Spondylus specimens per square
meter must have been common according to observations from
ﬁshermen. Our overall ﬁndings raise the suspicion that current
densities of both Spondylus species in previously densely
populated areas have long fallen below the aforementioned
thresholds for other broadcast-spawning invertebrates and
possibly for positive net recruitment rates. Consequently,
passive measures such as protected areas and nonﬁshing periods
may not lead to a recovery of the stock. We can show this for
S. princeps in Atacames, even though the loss of samples does
not allow establishing the complete reproductive cycle. We
found many animals in the active state between February 2009
and April 2009 (Fig. 4), which happens to be the months when
divers from Atacames and surrounding areas head for other
target species during times of heavy rainfall and bad visibility
(the times of highest values in chlorophyll concentrations in this
area): December until May. We can conclude that S. princeps is
basically undisturbed during peak reproduction times and that
lack of food for larvae is not a limiting factor (Bos et al. 2006).
As mentioned, we lack statistics for the Spondylus ﬁshery in
Ecuador, but anecdotal evidence (reports from ﬁshermen) and
market observance (amount of shells traded locally) leave no
doubt that populations are nonetheless dwindling in the
Atacames area as well. A closure during peak recruitment time
has already proved insufﬁcient as a measure to protect the
reproductive potential of the stock.
With the latest INP reports, it seems unlikely that Spondylus
will recuperate on its own. Artiﬁcial aggregating as a conserva-
tion measure to facilitate fertilization and reproduction should
be worth a trial, ensuring, of course, that these sites remain
undisturbed. In addition, further investigations for possible
cultivation and eventual repopulation of former S. calcifer and
S. princeps sites should be considered. Experience with restora-
tion programs for bivalves with the help of aquaculture already
exist (Manzi et al. 1986, Arnold 2001, Rossi-Snook et al. 2010)
and especially experiments with hatchery produced spat of the
bay scallop (Argopecten irridians) yielded promising results in
enhancing natural populations (Tettelbach & Wenczel 1993,
Peterson et al. 1996, Lu & Blake 1997, Goldberg et al. 2000,
Tettelbach et al. 2002, Arnold et al. 2005, Leverone et al. 2010).
Soria et al. (2010) have succeeded in a ﬁrst attempt to culture
larvae of S. calcifer and their results can be helpful in an
Ecuadorian restoration program for this traditional resource.
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Abstract
Despite the economic importance, investigations on pop-
ulation dynamics of the bivalve genus Spondylus have been 
limited. Knowledge of individual growth is the basic prereq-
uisite for stock assessment, and the estimation of mortality 
and effort parameters. Thus far, no Spondylus growth models 
have been published. This study provides ﬁ rst estimates for the 
growth parameters K and asymptotic shell length Loo for both 
S. crassiquama (K = 0.08/ Loo = 11.7 cm) and S. limbatus (K 
= 0.03/ Loo of 9.93 cm) by means of a van Bertalanffy growth 
model. Different morphotypes were analysed with PCR runs 
of fragments of the mitochondrial 16S rDNA gene to conﬁ rm 
the two distinct species. 
Introduction
The bivalve family Spondylidae (Gray, 1826) consists of 
only one genus: Spondylus (Linnaeus, 1758), commonly also 
called thorny or spiny oysters, with about 76 living species 
worldwide (Lamprell 2006). They are closely related to the 
Pectinidae with whom they share the complex eyes around the 
mantle and a relatively well developed nervous system. An out-
er foliated layer composed of calcite and including the spines, 
a middle aragonitic layer forming the hinge and teeth and an 
innermost, crossed-lamellar aragonite layer characterize the 
shells (Taylor et al. 1969).
Three species can be found along the Ecuadorian coast: 
Spondylus crassisquama (Lamarck, 1819), formerly known as 
S. princeps (Broderip, 1833)1 and S. leucacanthus (Broderip, 
1833), whose distinction has been documented by Skoglund 
and Mulliner (1996). The third species is S. limbatus (G. B. 
Sowerby II, 1847), formerly famous as S. calcifer (Carpenter, 
1857), which is by far the largest west American spiny oyster. 
This species is distributed from the Gulf of California to Peru 
and can be found from intertidal to subtidal zones, attached 
by the right valve to exposed boulders or under rock ledges 
(Skoglund and Mulliner 1996).
In Ecuador, Spondylus was a valuable source of income for 
local ﬁ shermen until an ofﬁ cial ﬁ shery-ban (“Acuerdo Minis-
terial Nr. 136 publicado en Registro Oﬁ cial Nr. 58 el 30 de 
octubre de 2009”) was installed to prevent the dwindling pop-
ulation from being eradicated. Due to their biological features, 
local Spondylus species are very susceptible to ﬁ shery pressure 
(Mackensen et al. 2011), and a good management system thus 
needs to be installed for the time when the ﬁ shery-ban will 
have expired. Knowledge of individual growth is the basic pre-
requisite for stock assessment, and the estimation of mortality 
and effort parameters. Thus far, no Spondylus growth models 
have been published, despite the economic signiﬁ cance of this 
taxon in the region.
Bivalve growth is usually measured as an increase in either 
valve length or valve height over time, though shell growth 
is not perfectly synchronized with soft body growth (Gosling 
2003). The time can be either inferred from natural, regular 
shell growth marks such as annual growth bands caused by sea-
sonal changes in growth or from mark-recapture experiments. 
Growth band formation intervals must be veriﬁ ed either by 
direct observation or by post-growth analysis of seasonally 
triggered geochemical markers in the shell, e.g., temperature 
dependent stable oxygen istotope ratio ?18O (Clédon et al. 
2005).
1 For a recent revision of the names of panamic Spondylids see Huber (2009) 
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Establishing a growth model for Spondylus species is a very 
challenging task, reﬂ ected by the lack of published studies and 
likely due to a very high inter-individual variability in shell 
forms as well as growth rates and patterns. Moreover, the outer 
shell region of older (and for growth models valuable) speci-
men is usually deformed and destroyed by drilling organisms.
This study aims to provide a ﬁ rst estimate of the growth 
parameters of the two species Spondylus limbatus and S. crassis-
quama in Ecuador and to develop growth models to be used 
for a future management. Additionally we want to provide es-
timates of the age of the studied specimen by using the growth 
rings that are formed due to changes in environmental param-
eters such as water temperature, salinity, depth and light which 
inﬂ uence the availability of food and therefore the metabolism 
and the growth of the animal. As these growth lines are not 
reliable by themselves; they have to be validated with an anal-
ysis of the time intervals at which they occur with the help of 
a stable oxygen isotope analysis. Finally, we wanted to base all 
these analyses on a clear distinction between the two investi-
gated species, which due to their morphological variety, can be 
hard to distinguish.
Material and Methods
Study area and species collection
Monthly samplings of Spondylus crassisquama were per-
formed at depths between 12- 15 meters North 01 05 316 
East 079 53 907 off Atacames, in the province of Esmeraldas 
(Fig. 1). This is an area with high ﬁ shing activities, as divers 
and other ﬁ shermen know and value this zone for various eas-
ily accessible “bajos” (shallow water zones). 
The Ecuadorian coast from the Colombian border in the 
north, to Punta Galera in the south (about 1°N) is part of the 
Panama bight, which stretches further north to the isthmus of 
Panama (about 9°N) and to about 81°W westwards (Cucalón 
1987). This typical tropical water is warm and salinity is low; 
during austral summer, surface temperatures vary between 26 
and 28° C and salinities between 32.5 and 34 ppt (in years 
with El Niño events, these waters appear to be advected fur-
ther south). Annual ﬂ uctuations of the intertropical conver-
gence zone (ITCZ) are the main inﬂ uence on the seasonally 
different weather conditions in the bight, e.g. during austral 
summer, when the ITCZ moves to the equator and the rainy 
season reaches the coast of Esmeraldas (Cucalón 1987).
Additionally, we investigated shells of Spondylus limbatus 
from the Cenaim (Centro Nacional de Aqcuicultura e Inves-
tigaciones Marinas), which were provided by divers from the 
village of Ayangue. Ayangue is located in the coastal province 
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of Santa Elena (Fig. 1), which is much more inﬂ uenced by 
the colder waters of the Humboldt Current. We have no de-
tailed information on the location of the study site, as local 
ﬁ shermen usually do not enclose their ﬁ shing grounds. But 
we know that divers in Ayangue are used to work with scuba 
gear including tanks and may thus reach deeper areas than the 
hookah divers from Esmeraldas.
Spondylus leucacanthus are not regularly ﬁ shed (and not 
mentioned in the ministerial decree) and thus excluded from 
our study. S. leucacanthus are much more difﬁ cult to obtain 
as they inhabit deeper regions between 25 to 90 m, rarely as 
shallow as 15 m (Skoglund and Mulliner 1996). While they 
can sometimes be found for sale in local shops where the date 
of death is unknown and the shell is therefore of limited value, 
we only came across a few living specimen once in the net of a 
trawler from a reported depth of around 50 m.
Species validation
This study investigated Spondylus spp. shells from two 
different study sites. Although morphological analyses have 
proven to be useful in distinguishing species of other bivalves 
(Silina 2011), we wanted to ensure we do not work with dif-
ferent morphotypes (due to different environmental or physi-
cal conditions) of the same species as intraspeciﬁ c variation is 
extremely high in Spondylus species (Whitehead 1989). DNA 
Fig. 1: Map of Ecuador with the respective study sites in the provinces of 
Esmeraldas in the North and Santa Elena in the South
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was extracted from muscle and mantel tissues of 8 specimens 
(4 specimens from each of the locations) using the Qiagen 
DNeasy Mini Kit according to the standard tissue protocol. 
Only 100 μL of elution buffer were used to increase DNA 
concentration. The universal primers 16Sar 
(5’-CGCCTGTTTATCAAAAACAT-3’) and 16Sbr 
(5’-CCGGTCTGAACTCAGATCACGT-3’) (Palumbi 1991) 
were used for the PCR (polymerase chain reaction) ampliﬁ -
cation of a fragment of the mitochondrial 16S rDNA gene. 
Reactions were carried out in 25 μl volumes with 1xHotMas-
ter Taq (Eppendorf, 5-Prime). The PCR reaction conditions 
were, initial denaturation for 2 min at 94° C followed by 36 
cycles of 20s at 94° C, 15s at 46° C and 80s at 65° C plus a 
ﬁ nal elongation step of 5 min at 65° C. PCR products were 
then checked for quality on a 2% agarose gel, stained with 
ethidium bromide, by loading a 5 μL of each of the ampliﬁ ed 
products mixed with 1 μL of loading dye. Additionally, a low 
range DNA ladder (FastRuler, ThermoFisher Scientiﬁ c Inc.) 
was added to the gel to determine the size of the products.
Morphometry
Monthly collected animals of Spondylus limbatus and S. 
crassisquama for a study on the reproductive cycle were used, 
the ﬂ esh was sacriﬁ ced and shell morphology was recorded. 
Additionally, one hookah diver from Atacames allowed us to 
conduct basic morphometric measurements with empty S. 
crassisquama shells before these were sold. The measures in-
cluded total shell weight, measured with a spring balance with 
the two valves still attached to each other, as well as length, 
height and widths, all measured with a vernier calliper to the 
nearest 0.1 mm (Fig. 2). All calliper measurements were taken 
without considering overlapping spines. A total of 279 shells 
of S. crassisquama and 121 shells of S. limbatus were measured 
and recorded.
Tagging and recapture experiment
Tagging and recapture is a labour intensive, but usually a 
reliable method to estimate growth rates. In bivalves, internal 
ﬂ uorescent shell markers like calcein and tetracycline can be 
used for such experiments (Day et al. 1995). We collected 20 
S. crassisquama on January 5th, 2009 at North 00 59 815 East 
079 57 509, kept them overnight (14 hours) in aerated seawa-
ter with 50 mg calcein (C
30
H
26
N
2
O
13
) L-1 and returned them 
to their natural habitat. We recovered 12 of the tagged animals 
on April 19th, 2009 used the soft body parts for other studies 
and stored the valves in a dark box (protected from sunlight) 
before they were brought to the AWI facilities where the valves 
were cut (see method below).
Growth and aging
Spondylus is usually attached with the right valve, and espe-
cially Spondylus limbatus shapes its growth along the substrate, 
so we used the left valves to look for internal growth bands. 
Shells were cut through the umbonal zone along the line of 
strongest growth (Fig. 3).
The cut surface was polished on a Buehler low and high 
speed grinder and polisher using various degrees of ﬁ ne-
grained sandpapers (P400, P1000, P2400, P4000) and sub-
sequently ﬁ nished with polycrystalline diamond suspension (1 
and 0.1 μm) to obtain a highly reﬂ ective surface. We inspected 
all shell sections with the help of a reﬂ ected-light stereomi-
croscope (Olympus SZX12) connected to a camera (Olym-
pus Colorview 1). We followed the advice of Lutz (1976) that 
counts should be made close by or directly at the umbo if in-
ternal growth lines from the shell are used, as this is the only 
region of the nacreous layer that contains a relatively complete 
record of growth. From the specimen without clear growth 
bands, one shell section was immersed for a trial in Mutvei’s 
Width Length
Height
Fig. 2: Scheme of the recorded morphometric valve measurements.
Fig. 3: Valve of Spondylus crassisquama with the line of strongest growth 
(LSG) through the umbo.
LSG
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along the darker middle layer of aragonite, which forms hinge 
and teeth (Fig. 5 and 6).
We took two samples, one of from each opaque and each 
translucent part, which together form a visible growth band. 
These resulted in 24 samples from one shell and 39 from an-
other shell, respectively. We could not sample the full growth 
spectrum though, as drilling epibionts heavily infested the 
outer shell part, which is a common problem when working 
with Spondylus shells (Fig. 6).
For the second analysis technique, we used a slice of the 
umbo section of a S. crassisquama shell, mounted it on a car-
rier glass and grinded down to 1 cm thickness for the use with 
a computer operated Merchantek MicroMill (New Wave Re-
search). The automatic drill was set (software 1.5.1) to run 
along the growth lines following Maier and Titschack (2010). 
We started drilling at the inner, i.e. last precipitated shell re-
gion moving then further out to the older shell parts (but note 
that the graph of Fig. 10 shows the results after the isotope 
analysis in reversed order). The drill was set at a pass depth of 
50 μm, retracing each track 6 times. The ﬁ rst 20 cuts were set 
to a width of 20 μm, the next 20 cuts to 30 μm, the next 20 
cuts to 40 μm, the next 7 cuts in the outer region of the shell 
with visibly broader growth bands were set to a width of 50 
μm and the last two to a cut width of 60 μm (Fig. 7). Drill 
speed was set at 100 %. A total of 70 CaCO
3
 samples were 
obtained this way.
All were acidiﬁ ed with 100 % phosphoric acid. The stable 
isotope ratios of the resulting carbon dioxide were analysed 
with an isotope ratio mass spectrometer (IRMS) MAT 251 
of Thermo Finnigan, coupled with an automated carbonate 
preparation device. The IRMS was calibrated via international 
standard NBS-19 to the Pee Dee belemnite (PDB) scale, and 
Fig. 5: Scheme of a Spondylus shell [taken from (Taylor et al. 1969)]
outer foliated
layer calcite
 prismatic
pallial
myostracum
middle crossed
lamellar layer
inner crossed
lamellar layer
Fig. 6: Scheme of our hand made drill holes in the umbo of a Spondylus cras-
sisquama shell. The outer shell region had been infested by boring epibionts.
solution for 20 min at 37°-39° C, following the protocol of 
Schöne et al. (2005a). The etched section was rinsed with de-
mineralized water afterwards and left to dry; yet growth bands 
did not become visible. A second immersion of the same shell 
for another 20 (10+10) min did not yield better results. Other 
shell samples were cut and used for further tests with X-Ray, 
Microfocus X-ray Computer Tomography and Confocal Ra-
man Microscopy but did not yield a better visibility of growth 
bands.
We also used the ligaments for a similar treatment of cutting 
and polishing on Buehler wheels after ligaments were embed-
ded in transparent epoxy resin, but even though bands were 
visible under the microscope (Fig. 4), we were not able to in-
terpret the growth band pattern in a meaningful way.  
We veriﬁ ed the temporal pattern of growth bands by stable 
isotope analyses. We used two different techniques to sample 
CaCO
3
 powder from the aragonitic layer of Spondylus cras-
sisquama shells. After polishing and grinding the shells, we 
cut out the isolated umbo part for easier handling and used 
a hand-held micro-drilling device (with a 300 μm engraving 
bit). From the inner aragonite layer, sampling was conducted 
Fig. 4: Picture of a ligament with visible banding.
2 Manuscripts
Mackensen & Brey
results are given in d-notation versus Vienna-PDB (VPDB) by
? = [(R
sample
 / R
standard
) - 1] * 1000   (1)
where R
sample
 and R
standard
 are the isotopic ratios of the sample 
and of the standard, respectively. The precision of ?13C and 
?18O measurements, based on an internal laboratory stan-
dard (Solnhofen limestone) measured over a one-year period 
together with samples, was better than ±0.06 and 0.08 ‰, 
respectively.
The ?18O values were converted into water temperature by 
the equation of Dettman et al. (1999):
T(°C) = 20.6 - (4.34 * (? 18O
shell
 - (? 18O
water
 - 0.27))) (2)
Not every shell provided visible bands; those with clear 
bands were chosen (Spondylus limbatus n = 4; S. crassisqua-
ma n = 14), individual growth increments were counted and 
distances between each increment measured using the image 
analysis software ‘‘analySIS 5.0’’ (Soft Imaging System). We 
ﬁ tted a von Bertalanffy growth model (VBGM) to these data 
(von Bertalanffy 1938):
S
t
 = S
oo
 * (1 - e –K * (t - to))    (3)
where S
t
 is the size (e.g. length) at time t, S
oo
 is the asymptotic 
size, K represents the growth rate and t
0
 is the age at which size 
would be zero.
To obtain the parameters of the VBGF, we applied the 
Gulland & Holt (1959) model to our data:
(S
t+1
-St)/(t
+1
 - t) = a – K * S
oo
   (4)
where S
t
 and S
t+1
 represent size at time t and t+1, respectively. 
For S
t
, we used the cumulative size of all increments from the 
ﬁ rst to increment t.
We then used a regression to deﬁ ne the causal relationship 
between the ﬁ gures for S
oo
 derived from the growth measure-
ments of increments and the absolute values of shell sizes. 
Results
Species validation
All the 8 specimens showed bright and distinct bands on the 
agarose gel indicating the successful ampliﬁ cation of the 16S 
rDNA fragment (Fig 8). Two distinct sizes, which correspond 
to the different sampling locations, were observed. While the 
specimens from Ayangue (supposedly Spondylus limbatus) 
showed a band at ~500 bp (base pairs), the specimens from 
Atacames (supposedly S. crassisquama) showed a band at ~550 
bp. This difference in sizes is a result of an insertion/ deletion 
event, which indicates the presence of two distinct genetic 
clusters.
Tagging and recapture experiment
Unfortunately, we could not detect any calcein marks after 
cutting the valves.
Morphometry
Both Spondylus crassisquama and S. limbatus exhibit high 
variance in the relationship between shell morphometric pa-
rameters, i.e. a large variability in shell shape and shell size – 
mass relationship, especially S. limbatus (Fig. 9).
Fig. 7: Simpliﬁ ed scheme of our automated milling lines, starting with 
lines very close to each other at the most recent formed parts of the shell 
and then moving further outside to the oldest parts of the shell with wider 
growth bands where we also increased the distance between the milling lines. 
We sampled twice per growth band: one sample from the opaque and one 
sample from the translucent part.
Fig. 8: Picture of the gel with the PCR results for 4 specimens from each site. 
On the left the 4 bands at ~500bp for the specimens from Ayangue (Spon-
dylus limbatus) and on the right with 4 bands at ~550 bp, the specimens 
from Atacames (S. crassisquama).
1500
850
400
200
50
~ 500 ~ 550
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Growth and age
Given that growth bands build up on an annual basis (Cud-
ney-Bueno and Rowell 2008), counting the number of growth 
increments provided age estimates that range from 6 to 24 
years in Spondylus crassisquama (n = 14) and from 6 to 22 in 
S. limbatus (n = 4).
Von Bertalanffy growth parameters for Spondylus crassisqua-
ma were estimated to K = 0.08 and S
oo
 = 31746.86 μm by the 
Gulland and Holt plot. By means of the relationship between 
increment trajectory size S and shell length L (y = 0.5398x – 
5.4329), S
oo
 translates into an asymptotic shell length of L
oo
 = 
11.7 cm for S. crassisquama. With K = 0.03 and a relative L
oo 
= 87633.96 μm for S. limbatus we calculated a mean absolute 
L
oo
 of 9.93 cm (y = 0.10762x + 0.50153). 
Stable isotope analyses
Manual drilling: Our manual drilling did not result in a res-
olution high enough to reveal the whole range of temperature 
Towards individual growth models for Spondylus
considering that the ?18O curve reﬂ ects mainly the tempera-
ture, the shells were exposed to.
MicroMill drilling: Two samples of 70 were below the mini-
mum-needed 60 μg and could thus not be analysed. The sam-
pling was effective though: our results reﬂ ect the whole range 
of temperatures the shell was presumably exposed to (Figs. 10 
and 11).
Discussion
Species validation
We can conclude that the two units we tested (correspond-
ing with the two different morphotypes) are genetically dis-
tinct and we treat these as two different species in our study. 
Such large differences in size (~10%) for mitochondrial genes 
are rare, however whether these correspond to interspeciﬁ c 
differences cannot be said with absolute certainty and would 
need sequencing. The challenges many researchers face when 
dealing with Spondylus species is that their intraspeciﬁ c mor-
phology is highly variable (Whitehead 1989). Furthermore, 
features such as the number of spines and ribs are used for 
identiﬁ cation purposes (Lamprell 2006) and the shell abrasion 
in older animals adds further difﬁ culties. Our quick validation 
thus proves to be a useful help in this context.
 
Tagging and recapture experiment
We had to take the animals from their original location and 
kept them in artiﬁ cial tanks during the dyeing process, the 
stress might have induced a slowed down metabolism. A lon-
ger immersion in Calcein is recommended to ensure that the 
ﬂ uorescent dye is really taken up. 
Shell morphometry
From a certain length on, the Spondylus species we worked 
with mainly build up shell mass, which means that assump-
tions related to size may lead to imprecise conclusions. While 
it may be appropriate in smaller size classes to deﬁ ne e.g. a 
size for maturity, the age cannot be derived only from size 
measurements in bigger size classes. The difﬁ cult relationship 
between size and weight also inhibits a straightforward proce-
dure to calculate growth parameters (see below) especially for 
S. limbatus due to the higher variability (Fig. 9).
Growth and age
Many more Spondylus limbatus shells had to be omitted for 
our growth band reading due to the absence of visible growth 
lines than in S. crassisquama. Various methods to help with the 
visibility/ analysis of growth bands have been tried and failed 
Direction of Growth
sample no
Oxygen
Carbon
70 60 50 40 30 20 10 0 p
er
m
ill
2,00
1,00
1,00
0,50
0,00
- 0,50
-1,00
-1,50
-2,00
Fig. 10: Stable isotope ratios of ? 18O and ? 13C from our micromill drilling 
calcium carbonate samples after analysis with an isotope ratio mass spectrometer
Fig 9: Log10 length plotted against log10 mass exemplarily shows the 
morphometric variety in Spondylus limbatus (red squares) in comparison with 
S. crassisquama (blue circles). The graphs for log10 width and log10 height 
plotted against log10 mass look similar with respect to variability.
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including the Acetate peel method, IMAGEPRO comput-
er imaging and electron microprobe analysis (EMPA), scan-
ning electron microprobe (SEM) testing, backscatter imaging 
(Fabara 2003), X-rays, counting/ measuring internal ligament 
lines, Mutvei solution, Microfocus X-ray Computer Tomog-
raphy, Confocal Raman Microscopy (all tried for this study).
 
Since growth models are essential for ﬁ sheries management 
purposes, we publish our results as a ﬁ rst approximation hop-
ing that they will be complemented by further studies from 
other climatic regions to better understand what factors main-
ly drive the assumed variability of growth parameters in Spon-
dylus and other bivalves (Lomovasky et al. 2008). Additionally 
it should be considered, that other bivalves have groups of in-
dividuals with different growth speed (de Sousa et al. 2011), 
a possibility that can only be considered when the Spondylus 
population size has build up again and allows for larger sam-
pling. 
Our K values are biased to some extend as our study lacks 
representation of smaller size classes (under 6 years), which 
are usually the age classes of strongest growth (Ridgway et al. 
2011). Growth often slows down when maturation begins; a 
process that is estimated to start with 2.5 – 4 years in Spondylus 
limbatus (Cudney-Bueno and Rowell 2008). Our S
oo 
values do 
not seem to reﬂ ect the full growth potential, as our VBGM val-
ues do not present a true “plateau-phase”. Though for S. cras-
sisquama, we had specimens as big as the maximum size men-
tioned in literature [e.g. Skoglund and Mulliner (1996) and 
others], we can assume that these authors did not adequately 
consider the ﬁ sheries impact that is adherent to Spondylus since 
a long time ago. Our sampling was conducted in an area with 
high ﬁ shing activity. Therefore and because of the nonlinear-
ity of the growth process, caution is needed when comparing 
our values with growth parameters of other bivalves. Our K 
value for S. crassisquama is in line with reports about other bi-
valves that reach impressive maximum sizes: Tridacna maxima 
(Smith 2011), which are also known to grow highly variable in 
situ (K values from 0.07 – 0.26). Cudney-Bueno and Rowell 
(2008) also report a high variability for S. limbatus (growth of 
25.7 mm y-1 in one animal and 5.9 mm y-1), however they do 
not provide growth parameters. Our growth parameters for S. 
limbatus provide a low reliability due to the small sample size 
and the much higher morphological variabiliy and should be 
complemented by another study with higher quantities. 
The oldest animals found in our sampling were 24 (S. cras-
sisquama) and 22 (S. limbatus) years old, respectively, though 
we assume that much older animals were present in our sam-
Mackensen & Brey
ples due to bigger sizes but we were not able to age them due 
to absent growth bands and/ or due to heavily infested outer 
shell regions.
Many animal groups show an inversely correlated relation-
ship between growth rate and life span, as it is true for bivalves 
(Ridgway et al. 2011). Our fairly low growth rates thus also 
lead to assume that older, i.e. larger/ heavier specimen should 
exist or have at least existed (Ridgway et al. 2011). A com-
prehensive assessment of the current number and distribution 
of Spondylus crassisquama and S. limbatus would help in this 
regard, as there is no information available in the country. This 
would also be necessary to regularly report on the conservation 
status of the species currently under protection and decide if/ 
when to switch from a general ban to a proper ﬁ shery man-
agement.
Stable isotope analyses
As mentioned above, physical data such as temperature and 
salinity are essential for an in-depth analysis of growth per-
formance and stable isotopes. Our data logging instruments 
were stolen, so we have to rely on the scarce data provided by 
scientiﬁ c literature about the area.
Depletion of ?13C as a matter of age has been reported by 
various authors (Maier and Titschack 2010 and therein) while 
Schöne (2005b) has disputed this as a matter of natural ﬂ uc-
tuations of carbon. However, our curve shows a clear trend 
of decreasing values with age. The decrease is relatively high 
with approximately 1.5 ‰ over time and best explained by a 
change of the metabolism of the animal when it ages.
Our results show that a high resolution is crucial to obtain 
good results and our last data points do not provide this nec-
essary high resolution. These samples were taken at the inside 
of the umbo, the area where growth bands are narrowest. In 
Fig. 11: Conversion of our ?18O values into temperature data according to the 
paleo-temperature equation of Dettmann et al. (1999): 
20.6 - (4.34 * (? 18O
shell
 - (? 18O
water
 - 0.27))). The grey bar in the background shows 
the range of mean annual temperature at the study site in Atacames (22-27 °C).
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general, our results show that this method has a lot of poten-
tial, because even with a relatively simple exercise we could 
display the whole variability of temperatures. Future studies 
must closely monitor salinity to take this variable adequate-
ly into account because a pattern oscillating similarly to the 
temperature is based on a relatively constant salinity (Clédon 
et al. 2005). The ratio of 18O and 16O isotopes of marine car-
bonate remains is controlled by temperature and the oxygen 
isotope composition of the surrounding seawater (Epstein and 
Mayeda 1953).
The eastern tropical paciﬁ c is a key climate sector and Ecua-
dor forms part of the ENSO (El Niño Southern Oscillation) 
impact zone. Skeletal remains of calcifying marine organisms 
can provide high-resolution records of environmental pa-
rameters, but reef-building corals are limited to the Galapa-
gos Islands (a very distinct climate sector) and very few areas 
along the Ecuadorian mainland coast. The stable isotopes of 
Spondylus shells may thus be a useful alternative proxy to the 
coral archive. Local Spondylus species as possible climate trac-
ers pose various advantages over other bivalve species because: 
i) the thick, massive shells of Spondylus have a high potential 
to remain preserved during the ages compared to other, more 
fragile calcifying organisms for sklerochronological research; 
ii) due to the historical importance of Spondylus since pre-Co-
lombian times, well-preserved ancient shells are available from 
archaeological excavations of various eras and may be useful 
for reconstructing past climate events; iii) large shells can 
be found, of which a lifespan of several decades or more is 
presumed [this needs further veriﬁ cation, as it is still under 
controversial interpretation (Fabara 2003; Cudney-Bueno and 
Rowell 2008 and this study) although it is hard to estimate 
maximum life spans and large sample sizes would be essential 
(Beukema 1989)].
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Abstract In May 2009, we studied the bivalve Spondylus
crassisquama and its relevance for macrobenthic biodiver-
sity off the north Ecuadorian coast. We found that the large
and heavy shells offer an exclusive substrate for numerous
epibiont species and highly specialized carbonate-drilling
endobiont species (71 species in total), which is a distinctly
different and much more diverse habitat than the surround-
ing sandy bottoms (13 species, 4 of them found in both
habitats). This is reflected by a Bray–Curtis dissimilarity
index of 0.88. We discuss in detail the live habits of all 9
species of drilling endobionts that we found, and conclude
that these can be seen as true mutualists, with the exception
of boring sipunculids and bivalves. To further illustrate this
complex co-existence, we visualize and quantify for the first
time the tremendous effects of boring organisms on the shell
structure of S. crassisquama by means of magnetic reso-
nance imaging and a video appendix is provided.
Keywords Spondylus crassisquama . Ecuador . Habitat
complexity . Macrofauna . Boring organisms . Nuclear
magnetic resonance
Introduction
“Habitat loss has not been as much a focus of marine science
and conservation as in terrestrial environments”, stated
Airoldi et al. (2008), which they related partly to the limited
knowledge of the extent and importance of these losses.
Habitat loss is closely connected with the currently acceler-
ated biodiversity loss. There are species in marine environ-
ments with roles that reach beyond straightforward
functional interactions such as feeding or competition.
These constitute key species of the respective community
in terms of biodiversity and system functioning, particularly
if they provide a unique habitat, i.e. biohabitats facilitating
biodiversity. Examples of “large” biohabitats are trees on
land or coral reefs in the marine realm that can provide
habitat for hundreds of species, and the loss of such habitats
has devastating effects on overall biodiversity and ecosys-
tem function. Similar effects have been shown for seagrass
beds (Duffy 2006) and kelp forests (Graham 2004). So far,
“smaller” biohabitats such as the living space provided by
mollusc shells have received less attention, most likely
because of their apparently minor importance for maintain-
ing biodiversity. Dead and living shells are abundant in most
coastal and shelf systems, and few organisms seem to be
confined to live on or in the shells of one particular mollusc
species.
Our study targets the possibly unique case of the bivalve
Spondylus crassisquama Lamarck, 1819, formerly known
as S. princeps Broderip, 1833, off the Ecuadorian coast1.
The large (height up to 170 mm) and heavy (over 2 kg)
1 See Huber (2009) for a recent scientific revision of the nomenclature
of the Spondylus species in this area
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shells of this species provide a hard substrate in an otherwise
soft bottom environment. Moreover, the shell proper serves
as an exclusive habitat for highly specialized carbonate-
drilling endobiont species, which have hardly any other
habitat along the Ecuadorian coast where reef-building cor-
als are restricted to a few areas. During recent years, over-
exploitation almost wiped out the species in the coastal
waters of Ecuador, and a complete fishing ban was an-
nounced in October 20092 to protect the remaining individ-
uals of S. crassisquama and its conspecies S. limbatus
Sowerby II, 1847, formerly known as S. calcifer
Carpenter, 1857. Nevertheless, the ecological significance
of this decline, particularly for local and regional benthic
biodiversity, has not so far been considered.
Spondylus crassisquama is distributed from Baja
California in the north to northwest Peru in the south
(Lamprell 2006), in water depths down to 30 m, where it
attaches to coral rocks, rocks, and occasionally to other
shells (Skoglund and Mulliner 1996). In the province of
Esmeraldas, S. crassisquama is mainly free-living on sandy,
muddy, or pebble bottoms. Studies on the biology and
ecology of Spondylus species are still scarce, though more
work has been done on the outer shell structure and the
taxonomic composition of shell epibionts and endobionts
(Zavarei 1973; Logan 1974; Feifarek 1987; de León-
González 1988; de León-González et al. 1993; Castro-
Aguirre et al. 1996; Stone 1998; Mienis 2001; Carlson
Jones 2003; Linero-Arana and Diaz-Diaz 2006). Yet open
questions remain about the nature of the coexistence be-
tween Spondylus and their associated species: are we deal-
ing with a form of parasitism, commensalism, or is
mutualism more likely? Scientific dispute concentrates in
particular on the spines, which may serve as direct defence
against predators (Zavarei 1973; Logan 1974) or, alterna-
tively, attract epibionts to settle and thereby create camou-
flage for the shell (Feifarek 1987; Stone 1998; Carlson
Jones 2003). The latter hypothesis suggests mutualism be-
tween Spondylus and the associated species, where
Spondylus provides habitat and a favorable feeding environ-
ment for the epibionts and endobionts in exchange for the
effective camouflage. However, is mutualism a proper de-
scription regarding the highly active shell-drilling endobiont
species? How much damage do they inflict on the shell, and
is Spondylus able to prevent serious, i.e. life-threatening,
shell damage? To facilitate this complex co-existence, we
visualize (see 3-D movie in online appendix) and quantify
for the first time the tremendous effects of boring organisms
on the shell structure of S. crassisquama in terms of car-
bonate loss and shell damage with the help of magnetic
resonance imaging.
Materials and methods
Qualitative macrofauna and -flora analysis
We collected ten Spondylus crassisquama individuals in two
consecutive dives at depths between 17 and 19 m in the
shallow waters off the coast of Atacames in the province of
Esmeraldas, Ecuador (00°59.829′N, 079°57.531′W; Fig. 1).
All individuals were placed in water basins with and oxygen
supply, and all living organisms visible on the outer shell
surface were collected for identification. The S. crassis-
quama were then sacrificed for a separate study on their
reproductive cycle (Mackensen et al. 2011).
We fragmented the shells into pieces of 1 cm or less and
collected all animals living inside the shell from the debris.
At the same sampling site, we collected ten random samples
of the bottom fauna by sampling the sediment within a
plastic square with a surface area equivalent to the surface
area of our average collected S. crassisquama shells down to
2 cm sediment depth into zip-log bags. All material was
carefully washed in a 2-mm plastic sieve, sorted, and taxo-
nomically identified as far as possible. All organisms were
photographed and then preserved in alcohol (animals) or
dried and attached to paper sheets (algae).
We calculated the Bray–Curtis dissimilarity index for the
two different types of habitat (shell vs. sediment) with the
following equation:
BCij ¼ Tij=Si þ Sj
where Tij corresponds with the total number of species
unique to each of both habitats and S is the total number
of species of one habitat.
MR imaging and quantitative analysis
Due to the extreme laborious analysis listed below, this part
of our study comprised three shells. By means of magnetic
resonance imaging (MRI), we visualized the meshwork of
boreholes and its total volume within the shells of Spondylus
crassisquama. The dried and cleaned shells were placed in a
water-filled exicator to remove all air out of the boreholes
and channels of the shells. Subsequently, the water contain-
ing one of the shells was poured into a plastic container that
was placed inside the MR scanner for MR imaging. A 4.7 T
Biospec DBX system (Bruker-Biospin, Ettlingen, Germany)
was used for all MRI scans. Signal excitation and reception
were acquired using a 1H cylindrical resonator (20 cm di-
ameter) adapted for high conductivity samples. Gradient
echo scout scans in all three directions were collected prior
to all measurements to correct for the correct position of the
shells in the center of the MRI scanner. After all optimiza-
tions, three-dimensional multi-slice multi-echo images (3D-
2 “Acuerdo Ministerial Nr. 136 publicado en el Registro Oficial Nr. 58
el 30 de octubre de 2009”
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MSME) were collected in a coronal direction using the
following parameters: matrix size: 256×256×64; field of
view (FOV): 15×15×10 cm; repetition time TR: 1,000 ms;
echo time TE: 14.6 ms; resulting scan time 9 h 6 min 8 s, in
plane resolution: 586 μm.
Totals of 64 (sample shell 1) to 128 (sample shells 2 and 3)
pictures, respectively, were extracted from the particular MR
scans for volume analysis. All pictures were individually
treated using Adobe Photoshop software to elaborate on shad-
ows and noise, and to finally calculate the calcareous parts and
the holes within the shell (Fig. 2).
Results
Qualitative analysis
We found 63 animal species and 8 plant species in or on the
Spondylus shells (Tables 1, 2). Among them a species new
for Ecuador, Mexichromis antonii, a nudibranch that has
been described no farther south than Panama until now.
In the sediment samples, we found 13 species (Table 3), 4
of them also inhabiting the Spondylus shell. These differ-
ences regarding the faunistic composition between the two
habitats are reflected in the high value of the Bray–Curtis
dissimilarity index (0.88). The 4 species living in both
habitats are Ophiothrix spiculata, Polyonyx sp., Ambidexter
sp., and an undetermined Balanid.
Quantitative analysis of shell loss
The three shells we analyzed had lost 10.4, 8.5, and 17.6 %
of their calcium carbonate, respectively, due to holes and
canals drilled by endobionts. These values do not include
external abrasion and borings by microendoliths (boreholes
of less than 100 μm width).
Fig. 1 Northern Ecuador showing the study site (cross)
Fig. 2 A single 2-D picture slice of the MR scans after treatment with
Adobe Photoshop software ready for the calculation of calcareous parts
and holes (the inner gray part is the mantle cavity)
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Table 1 List of animal species found in the Spondylus crassisquama
samples
Animal species
Phylum Porifera
Porifera indet.
Class Demospongidae
Family Clionaidae
Clionaidae indet.
Phylum Cnidaria
Class Anthozoa
Family Gorgoniidae
Leptogorgia chilensis Verrill, 1868
Family Hormathiidae
Calliactis polypus
Phylum Platyhelminthes
Platyhelminthes indet.
Class Rhabditophora
Family Pericelidae
Pericelis sp.
Phylum Nematoda
Nematoda indet.
Phylum Sipuncula
Class Phascolosomatidea
Family Phascolosomatidae
Phascolosoma sp.
Phylum Annelida
Class Clitellata
Family Piscicolidae
Piscicolidae indet.
Class Polychaeta
Family Syllidae
Syllidae indet.
Family Nephtyidae
Nephtyidae indet.
Family Amphinomidae
Amphinomidae indet.
Family Eunicidae
Eunicidae indet.
Family Lumbrineridae
Lumbrineridae indet.
Family Sabellidae
Sabellidae indet.
Family Serpulidae
Serpulidae indet.
Family Flabelligeridae
Flabelligeridae indet.
Family Spionidae
Polydora sp.
Phylum Mollusca
Class Gastropoda
Family Turritellidae
Table 1 (continued)
Animal species
Vermicularia pellucida (Broderip & Sowerby, 1829)
Family Triphoridae
Triphora sp.
Family Calyptraeidae
Crucibulum spinosum (G. B. Sowerby I, 1824)
Family Cypraeidae
Cypraea sp.
Family Buccinidae
Hesperisternia jugosa (C. B. Adams, 1852)
Family Collumbellidae
Anachis gracilis (Adams, 1852)
Columbella fuscata G.B. Sowerby, 1832
Family Muricidae
Trachypollia lugubris (C.B. Adams, 1852)
Stramonita biserialis (Blainville, 1832)
Family Chromodorididae
Mexichromis antonii (Bertsch, 1976)
Family Dendrodorididae
Doriopsilla janaina Er. Marcus & Ev. Marcus, 1967
Class Bivalvia
Family Arcidae
Arca pacifica (G.B. Sowerby I, 1833)
Family Mytilidae
Gregariella coarctata (Carpenter, 1857)
Leiosolenus plumula (Hanley, 1843)
Septifer zeteki Hertlein & Strong, 1946
Family Pectinidae
Spathochlamys vestalis (Reeve, 1853)
Family Chamidae
Chama sordida Broderip, 1835
Family Myidae
Sphenia fragilis (H. Adams & A. Adams, 1854)
Family Gastrochaenidae
Gastrochaena ovata Sowerby I, 1834
Lamychaena truncata (G.B. Sowerby I, 1834)
Family Pholadidae
Pholadidae indet.
Class Cephalopoda
Family Octopodidae
Octopus sp.
Phylum Arthropoda
Class Maxillopoda
Family Balanidae
Balanus trigonus Darwin, 1854
Balanidae indet.
Class Malacostraca
Family Majidae
Microphrys sp.
Mithrax sp.
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Discussion
The Spondylus crassisquama shells of our study area pro-
vide a distinctly different and much more diverse habitat (71
species of epibionts and endobionts) than the surrounding
sandy bottoms (13 species, of which 4 were also found on
the shells). This is reflected by the calculated Bray–Curtis
dissimilarity index of 0.88. The majority of the species we
found in our shell samples (62, including the epiphyte
species) live as true epibionts on the outer shell. From other
systems, it is known that epibionts make use of the currents
created by filter-feeding organisms such as bivalves, in our
case S. crassisquama, for better food access (Forester 1979;
Laihonen and Furman 1986; Wahl 1989). A classic example
for this mode of life would be the barnacles we found on the
shells. At the same time, these fouling organisms can “hide”
S. crassisquama from the tactile and chemical senses of
predators such as starfish (Logan 1974; Bloom 1975;
Vance 1978). These relationships are thus truly mutualistic.
We found 9 species of drilling endobionts in our bivalve
samples. None of them was found in the sediment samples.
The relationship between bivalves and drilling endobionts
are relatively unknown, apart from a few studies on bivalve
species of commercial importance (see “Polychaetes”, be-
low). To obtain a more detailed picture of the co-existence
between S. crassisquama and associated endobionts, we
will thus especially discuss the taxa we found that are
known for drilling or boring activities and their effects on
the Spondylus shell:
Sponges
Sponges account for a considerable amount of boring in
corals (MacGeachy and Stearn 1976; Sammarco and Risk
1990; Pari et al. 2002). We were not able to identify the
sponge species in our samples, but when breaking and
analyzing the shells, we found the typical honeycomb bor-
ing style reported for the genus Cliona (Cobb 1969; Rützler
and Rieger 1973; MacGeachy and Stearn 1976), and assume
Table 1 (continued)
Animal species
Majidae indet.
Family Epialtidae
Tyche sp.
Family Xanthidae
Edwardsium lobipes (Rathbun, 1898)
Paractaea sulcata (Stimpson, 1860)
Family Porcellanidae
Petrolisthes edwardsii (de Saussure, 1853)
Polyonyx sp.
Family Alpheidae
Alpheidae indet. 1
Alpheidae indet. 2
Pomagnathus corallinus Chace, 1937b
Family Palaemonidae
Pontonia margarita Verrill, 1869
Family Processidae
Ambidexter sp.
Phylum Echinodermata
Class Ophiuroidea
Family Ophiactidae
Ophiactis sp.
Family Ophiotrichidae
Ophiothrix (Ophiothrix) spiculata Le Conte, 1851
Class Holothuroidea
Family Holothuriidae
Holothuria imitans Ludwig, 1875
Phylum Chordata
Class Ascidiacea
Ascidiacea indet. 1
Ascidiacea indet. 2
Ascidiacea indet. 3
Family Polycitoridae
Cystodytes sp.
Eudistoma sp.
Table 2 List of plant species found in the Spondylus crassisquama
samples
Plant species
Division Chlorophyta
Class Bryopsidophyceae
Family Bryopsidaceae
Bryopsis pennata J.V.Lamouroux, 1809
Division Rhodophyta
Class Florideophyceae
Order Corallinales
Corallinales indet.
Family Galaxauraceae
Galaxaura sp.
Family Scinaiaceae
Scinaia sp.
Order Ceramiales
Ceramiales indet.
Family Cystocloniaceae
Hypnea sp.
Family Peyssonneliaceae
Peyssonnelia sp.
Family Sebdeniaceae
Sebdenia flabellata (J.Agardh) P.G.Parkinson, 1980
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that at least one member of that genus was present. Sponges
drill delicate networks, but when breaking our thick sample
shells, their stability appeared to be little affected even in
heavily bored areas. We would thus include sponges in the
group of mutualistic endobionts of S. crassisquama, since
sponges provide tactile and chemical camouflage against
certain predatory starfish and sponge–bivalve mutualisms
are not uncommon (Bloom 1975 and references therein).
Bivalves
Boring bivalves usually work by a combination of chemical
and mechanical means, with one of the methods often being
dominant; see Kleemann (1996) and references therein for
an in-depth discussion of this topic. We found one species of
the genus Lithophaga, and two species of the genus
Gastrochaena, which both drill by mostly chemical means,
i.e. are “biocorroders” (Yonge 1955; Warme and Marshall
1969; Scott 1988; Lazar and Loya 1991; Kleemann 1996).
Pholadidae (one species in our samples) is also a prominent
boring bivalve family (Ansell and Nair 1969; Warme and
Marshall 1969; Savazzi 2005), and includes genera of bio-
corroders and bioabradors (mechanical borers). We found
only a few individuals of the four boring bivalve species;
however, due to their size, they account for massive cavities
in the shells of their hosts (Kiene and Hutchings 1994). We
found boreholes up to 2 cm diameter and some that had
apparently almost “broken through” to the inner shell sur-
face, upon which this damage had been covered with “extra”
layers of calcium carbonate, resulting in distinct blisters
(also Mienis 2001). Reports suggest that Lithophaga species
are capable of boring holes down to 10 cm deep in carbonate
substrates (Warme and Marshall 1969). Boring bivalves
provide no apparent advantage for Spondylus, but instead
obvious disadvantages: shell damage (breakthrough to man-
tle cavity), a coincident cost of shell repair, and the danger
of structural weakening of the shell; thus, mutualism is
unlikely. We suggest that a classification as “parasites” is
also not justified, because calcification appears to be little
“costly” when compared to other metabolic costs (Palmer
1992). Additionally, in studies on corals, boring bivalves
belonged to the group of later settling epibionts after pioneer
species had already discovered suitable habitat and started
the first drillings (Kiene and Hutchings 1994). Bivalves and
their larvae are thus likely to settle and bore shells at higher
ages of S. crassisquama, when presumably a smaller frac-
tion of total energy expenditure is put into shell growth.
Sipunculida
We could not identify the sipunculid genus we found; how-
ever, the specimens and their boreholes very much resemble
examples of the genus Phascolosoma given by Rice (1969)
and MacGeachy and Stearn (1976). They assume a combi-
nation of chemical and mechanical drilling for sipunculids.
We are not sure of the maximum size a sipunculid can reach
within a shell, nor are we aware of any reported bivalve–
sipunculid mutualism. Until a benefit for the bivalve is
known, we assume a kind of commensalism with the risk
that sipunculid species can reach sizes and boreholes that
harm the bivalve by weakening the shell. Rice (1969) stud-
ied and described the sipunculid burrows in detail, and
Table 3 List of all species found in the sediment samples
All species
Phylum Annelida
Class Polychaeta
Family Capitellidae
Capitellidae indet.
Phylum Mollusca
Class Gastropoda
Family Fissurellidae
Leurolepas roseola McLean, 1970
Family Turritellidae
Turritella radula Kiener, 1843
Family Terebridae
Terebra elata Hinds, 1844
Phylum Arthropoda
Class Maxillopoda
Family Balanidae
Balanidae indet.
Class Malacostraca
Family Mithracidae
Mithracidae indet.
Family Porcellanidae
Polyonyx sp.
Family Processidae
Ambidexter sp.
Order Amphipoda
Amphipoda indet.
Phylum Echinodermata
Class Ophiuroidea
Family Ophiotrichidae
Ophiothrix (Ophiothrix) spiculata Le Conte, 1851
Class Asteroidea
Family Asterinidae
Asterina sp.
Class Holothuroidea
Family Sclerodactylidae
Neothyone gibber (Selenka, 1867)
Class Echinoidea
Family Cidaridae
Eucidaris thouarsii (L. Agassiz & Desor, 1846)
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found that they instead abruptly change the orientation of a
borehole before reaching a surface and opening a second
hole. Thus, they would be unlikely to drill an opening to the
mantle cavity of Spondylus.
Polychaetes
We found members of several polychaete families known
for boring; Eunicidae, Sabellidae and Spionidae, represented
here by the genus Polydora (Haigler 1969; MacGeachy and
Stearn 1976; Davies and Hutchings 1983). Previous studies
have shown that boring polychaetes can weaken corals
(Wielgus et al. 2006) and have deleterious impacts on bivalves
and gastropods of economic significance. Oakes and Fields
(1996) and Aviles et al. (2007) provide examples for the
effects of Sabellidae, while examples for the effects of
Polydora can be found in Evans (1969) and Handley and
Bergquist (1997), as well as in Moreno et al. (2006), who also
cover other Spionidae besides Polydora. In addition to
economical losses, shifts in predator–prey interactions have
also been attributed to polychaete borings in non-commercial
species such as Littorina littorea (Buschbaum et al. 2007).
However, all these studies refer to molluscs with a much
more delicate shell than those of adult Spondylus crassis-
quama. For example, Crassostrea virginica shells can be
easily bored through by Polydora websteri and the oysters
react with “mud blisters” (Haigler 1969). In contrast, S.
crassisquama develops shells that can be up to some centi-
metres thick. We presume that adults are not seriously
affected by polychaete borings, which we found only in outer
shell regions, but instead benefit from the camouflage effect
that polychaetes provide. Yet, it remains to be clarified how
juvenile shells are impacted, since polychaetes usually
belong to the pioneering settling epibionts on corals (Davies
and Hutchings 1983; Hutchings et al. 1992; Kiene and
Hutchings 1994) and may thus settle on smaller S. crassis-
quama individuals with more delicate shells than those of our
samples. Our taxonomic resolution with respect to polychaetes
is limited due to the restricted knowledge of occurrences in
Ecuador. The only guides with respect to these latitudes
we are aware of cover the Galapagos Islands, obviously a
very distinct habitat.
None of the floral epibionts we found is considered a
bioeroder, i.e. they do not cause carbonate loss. On the
contrary, coralline algae, which we also found in our sam-
ples, are actually counted as reef building in studies on
calcification and bioerosion of coral reefs (Tribollet and
Golubic 2005). Boring algae play significant roles in coral
reef ecosystems (Verbruggen and Tribollet 2011), but we did
not sample microborers in our study, a group that would
have probably extended the list of floral species (along with
fungi). This should be a concern for future studies since
microborers are important bioeroding agents, especially
during initial stages. Similar to grazers and macroborers,
their share of bioerosion varies over space and time
(Tribollet et al. 2002; Tribollet and Golubic 2005).
Conclusions
Besides the bivalves mentioned that more or less “acciden-
tally” might reach the mantle cavity and cause damage,
other members of the boring fauna do not substantially
weaken the heavy shells of adult Spondylus crassisquama.
Hence, these findings indicate that the life strategy of S.
crassisquama involves building up heavy and thick shells
with spines that offer attractive hard substrate for fouling
organisms in an otherwise soft bottom environment. In
return, the shell colonizers provide a camouflage against
predators as presumed by Feifarek (1987), i.e. this system
represents facultative mutualism. On the other hand, S.
crassisquama can obviously not control either the number
or the identity of the animals that settle and bore, and is thus
threatened to a certain extent by deeper and bigger boring
bivalve species. Yet, among all the empty shells we
inspected during our various diving trips, we have never
encountered a shell with a borehole open to the mantle
cavity. We can thus assume that S. crassisquama can cope
with boring bivalves; apparently, the costs involved in pre-
venting breakthroughs to the mantle cavity are sufficiently
small compared to the selective advantage of the epibiont
camouflage.
The high Bray–Curtis dissimilarity index confirms that S.
crassisquama provides a very important and distinct habitat
type such as reef-building corals in other areas of Ecuador,
i.e. it acts as a foundation species. S. crassisquama is thus a
key vector in maintaining benthic biodiversity. S. crassis-
quama was present in huge beds of hundreds of individuals
along the coast of Esmeraldas until 2003 when exploitation
started. Consequently, the large part of the habitat suitable
for Spondylus-associated species was destroyed with those
beds during recent years, causing a distinct loss in regional
biodiversity. Therefore, conservation measures that aim at
the restoration of the diminished population of S. crassis-
quama itself will facilitate regional macrobenthic biodiver-
sity at the same time.
We limit our conclusions at this point because of our
restricted sample size. This study must be seen as a prelim-
inary product to value the ecological role of S. crassis-
quama. Even though our results justified other sampling or
special replications, we decided against it because no further
sampling was needed for our studies on the reproductive
cycle and due to the scarcity of the organism.
For the future, we suggest monitoring how Spondylus can
cope with ocean acidification, assuming that more energy
will be needed to follow this life strategy of building up
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heavy shells to attract and endure fouling organisms. Coral
reefs provide a well-studied example for direct and indirect
weakening human impacts (over-fishing, rising pCO2, and
rising sea surface temperature), where, as a consequence, the
processes of reef growth and loss are no longer in equilib-
rium as they are in healthy reefs, but, instead, rates of
bioerosion substantially exceed rates of reef building
(Davies and Hutchings 1983; Kiene and Hutchings 1994;
Reaka-Kudla et al. 1996; Pari et al. 1998; Peyrot-Clausade
et al. 1999). On the one hand, rates of carbonate dissolution
might significantly rise under elevated pCO2, as the exam-
ple of the chlorophyte Ostreobium quekettii showed
(Tribollet et al. 2009). On the other hand, a negative impact
of ocean acidification on shellfish calcification even without
bioeroding agents has been verified for the edible mussel
(Mytilus edulis), the Mediterranean mussel (Mytilus gallo-
provincialis), the European flat oyster (Ostrea edulis) and
the Pacific oyster (Crassostrea gigas) (Bamber 1990;
Michaelidis et al. 2005; Berge et al. 2006; Gazeau et al.
2007). It should thus be a concern and object of future
research to study a possible reaction of Spondylus to de-
creased pH in seawater.
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3 DISCUSSION
The Ecuadorian Spondylus ﬁ shery is a prime example of Defeo’s case b) “of 
an unmanaged species showing overexploitation portrayed in the so called three 
collapsing-ﬁ shery phases” on his list of Latin American shellﬁ sh ﬁ sheries (2005). 
The phases depicted are as follows: “an initial stage for small shellﬁ sh catches 
(sustained in time, linked to local/ national consumption; followed by a rapid catch 
expansion (sometimes linked to exportation; in our case Peru), which ends in a ﬁ nal 
overexploitation stage” [(Castilla and Defeo 2001; Hobday et al. 2001) in (Defeo 
and Castilla 2005)]. Latin American coastal ﬁ sheries such as the Spondylus ﬁ shery 
generally face a number of challenges related to the amount of work involved, the 
social implications due to the high dependence on local resources, the absence of 
policy support, as well as the marginalization of many ﬁ shing communities due to 
remoteness and economic disempowerment (Agüero 1988; Pauly 1997; Thorpe et al. 
2000). Solutions to these issues are difﬁ cult to ﬁ nd: in most cases, ﬁ sheries institutes 
in Latin American countries were created in the 1960s with the aim to do research, 
however given the economic realities in the region, they rarely established sufﬁ cient 
human and technical capacity (Agüero 2007). Furthermore it was and still is difﬁ cult 
to measure ﬁ shing effort properly because ﬁ shermen switch between various ﬁ shery 
resources using different techniques or gears throughout the year (Salas et al. 2011).
Between 1950 and 1992, the population of Ecuador tripled, while the coastal 
population increased fourfold (Epler and Olsen 1993). Ecuador is an example of the 
general trend of increasing human populations along the coastlines of the world (Ferrol-
Schulte et al. 2013). This leads to ever more ﬁ shing pressure, especially in the largely 
biologically diverse, but economically impoverished, tropical countries. There is thus no 
alternative to responsible management schemes to continue to provide the necessary 
protein for human consumption. Unfortunately, invertebrate species are increasingly 
exploited in cases where stock and ecosystem-impact assessments are limited and 
greater management attention is needed to avoid negative impacts for both human 
well-being and ocean ecosystems (Anderson et al. 2011). In addition to their value as 
an exploited commodity, shellﬁ sh beds also play a variety of important roles in aquatic 
ecosystems (Gutierrez et al. 2003). Shellﬁ sh reefs or beds facilitate in- and epifauna 
and –ﬂ ora (Commito et al. 2008) and thus are of similar ecological importance as 
corals, seagrass and kelp species that provide three-dimensional habitats for a variety 
of mutualistic and/ or commensalistic species. As we have shown in our section on the 
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functional role of S. crassisquama (manuscript 2.3), this species needs to be considered 
as an important ecosystem engineer and foundational species, adding signiﬁ cantly 
to the biodiversity of the area. Besides providing structural habitats for other marine 
organisms and stabilising habitats and shorelines, turbidity and nitriﬁ cation can be 
reduced by the ﬁ ltration of suspension-feeding bivalves (Ocean Studies Board 2010). 
Thus even when no destructive ﬁ shing method takes place, overharvesting of these 
invertebrates can have drastic implications for the ecosystem (Anderson et al. 2011).
It is nearly impossible to prove that species are disappearing due to the frequent 
lack of data on current and historical abundance, which leads to a general tendency 
to underestimate marine extinction (Roberts and Hawkins 1999). Even though an area 
might seem large, bottom-living species usually have a much more limited area that 
they can occupy (Roberts and Hawkins 1999). Up to now, the recovery of Spondylus 
populations following the ban on ﬁ shing has not been assessed and recent word of 
mouth does not support the hope for recovery. A baseline population assessment is 
still missing and furthermore, it is not even clear whether the ban was de facto put 
into force, e.g. if violations have been documented or penalties issued. In spite of these 
difﬁ culties, I hope that this study can contribute to shedding light on some of the very 
basic parameters necessary to develop a sustainable management of this ﬁ shery in the 
future. 
3.1 Recommendations for a future Spondylus management
It is of crucial importance to develop baseline estimates of population densities 
that can be monitored in the future. Though marine invertebrates have long been seen 
as far too fecund to face extinction risks, recent studies have proven this perception 
wrong when considering the dynamics of populations at low densities. Models 
suggest that broadcast spawning invertebrates like Spondylus spp. are particularly 
vulnerable to anthropogenic impacts such as ﬁ shing pressure (Gascoigne and Lipcius 
2004a), because a minimum density of reproductive individuals is necessary to allow 
for successful fertilization between egg and sperm to occur (Hobday et al. 2001). 
The results from our studies on fecundity and growth are within the range of better-
studied bivalve species that can sustain commercial exploitation (see discussions 
in manuscripts 2.1 and 2.2). However, when we analysed the reproductive cycle 
of S. limbatus in the area of Ayangue (manuscript 2.1), we found that reproduction 
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occurs year-round, with a peak in October to December, when temperature is low and 
chlorophyll concentration is high. This differs substantially from the results of studies 
from Mexico on S. limbatus, where temperature increase initiates simultaneous gonad 
maturation and reproduction occurs when food availability is low (Villalejo-Fuerte et 
al. 2002). The asynchronous spawning we observed in the Ecuadorian population 
makes it much more susceptible to mate limitation (Babcock and Keesing 1999), the 
most important cause for Allee effects in aquatic invertebrates (Kramer et al. 2009): 
when the population density is reduced due to ﬁ shing pressure and nearest neighbour 
distance increases, it is crucial that the closest neighbour does not mature with a time 
lag (even more in dioecious species such as Spondylus). Asynchrony in reproduction 
was found to generally promote Allee effects at low densities even for species where 
asynchrony at high densities is evolutionary beneﬁ cial (Calabrese and Fagan 2004; 
Levitan and McGovern 2005). Heavy exploitation rates together with Allee effects 
have been shown to have fatal consequences for invertebrates, potentially to the 
point of extinction, e.g. in queen conchs (Strombus gigas) (Stoner and Ray-Culp 2000; 
Gascoigne and Lipcius 2004b), in white (Haliotis sorensi) (Hobday et al. 2001) and 
greenlip abalone (Haliotis laevigata) (Babcock and Keesing 1999), giant clams and sea 
cucumbers (Roberts and Hawkins 1999). Current densities from our observations are 
below the reproductive thresholds reported for other broadcast spawning invertebrates 
(Babcock and Keesing 1999; Stoner and Ray-Culp 2000; Levitan and McGovern 2005) 
and some former Spondylus sites have even been ﬁ shed down to zero (Subsecretaría 
de Recursos Pesqueros 2010). As discussed in detail in manuscript 2.1, we doubt that 
the Ecuadorian Spondylus population will be able to recover without additional actions. 
Furthermore we have shown that passive management measures such as a closed 
season did not sufﬁ ciently restrain the ﬁ shery. Necessary measures in the future must 
be targeted toward increasing spawning stock densities. Experiments in Spondylus 
rearing have proven to be costly and difﬁ cult (pers. comm. Cenaim) and have therefore 
not been followed up on recently. When restoration efforts are not only focussing on 
habitat destruction that limits restoration success (Supan et al. 1999), many different 
methods are available (Manzi et al. 1986; Tettelbach and Wenczel 1993; Peterson et 
al. 1996; Lu and Blake 1997; Arnold 2001; Tettelbach et al. 2002; Arnold et al. 2005; 
Brumbaugh et al. 2006; Arnold 2008; Leverone et al. 2010; Rossi-Snook et al. 2010) 
but see Caddy and Defeo (2003) on how to assess the ecological and economic 
feasibility of the different techniques. 
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A very important aspect of management efforts in artisanal ﬁ sheries is to involve 
the different interest groups and bring them together, because restoring shellﬁ sh 
populations requires consent and cooperation of all stakeholders (Arnold 2001). This, 
above all is our most important recommendation for achieving sustainability for the 
Spondylus ﬁ shery. During my interviews with ﬁ shers of Atacames who had witnessed 
and contributed to the decline of Spondylus it turned out, that they had not spoken 
to each other for years. Instead, every single one of them kept accusing the others of 
overharvesting and thus responsibility for the decline.
What is commonly perceived of as “the tragedy of the commons”2 (Hardin 1968) has 
often been a misuse of a famous phrase that has been taken out of context to promote 
the solutions of individual researchers (Hawkshaw et al. 2012). More importantly: 
numerous studies have shown that a “tragedy of the commons” is not at all inevitable 
(Feeny et al. 1990; Feeny et al. 1996; Ostrom et al. 1999; Johannes 2002; McClanahan 
et al. 2009). Managing common pool resources requires a clear framework, however 
the necessary guiding principles and processes are much better understood today 
(Adams et al. 2003; Dietz et al. 2003; Ostrom 2009a; Ostrom 2009b). Furthermore, 
there is sufﬁ cient experience with a number of co-management schemes in Latin 
America including TURFs (Territorial User Rights in Fisheries), INTQs (Individual No-
Transferable Quota), MEABRs (Management and Exploitation Areas for Benthic 
Resources) and others to show that co-management of common pool resources can be 
successful (Castilla and Defeo 2001; Defeo and Castilla 2005; Carranza et al. 2009). 
We ﬁ nd that the necessary knowledge is there, but facilitation is needed to bring the 
different stakeholders together to use the ﬁ ndings of this study to establish commonly 
accepted rules for users. The fact that the number of Spondylus ﬁ shers operating in 
each of the respective ﬁ shing areas is relatively small (e.g. less than 20 people at our 
study site in Atacames) should reduce potential for conﬂ icts (Santos and Pacheco 
2011). After all, it was the local association of Salango divers (Asociación de Buzos de 
Salango), which got together and decided to voluntarily ban ﬁ shing for Spondylus and 
to push for an ofﬁ cial ban at the governmental level. This effort was successful and the 
resulting momentum must be channelled into similar actions in other areas.
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(i) exclusion of beneﬁ ciaries through physical and institutional means is especially costly, and (ii) 
exploitation by one user reduces resource availability for others.” (Ostrom et al. 1999)
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3.2 Perspectives for future Spondylus research
Spondylus is a poorly studied genus and a signiﬁ cant amount of additional research 
needs to be done. Acknowledging that ﬁ nancial resources for scientiﬁ c research in 
Ecuador are limited, I wish to highlight what I perceive as very urgent matters for future 
research.
The rise of atmospheric carbon dioxide (CO
2
) concentrations has caused a greater 
CO
2
 uptake by the oceans and their saturation state regarding CaCO
3
 particles has 
consequently changed due to this acidiﬁ cation process (Feely et al. 2004). Calcareous 
marine organisms such as bivalves depend on the precipitation of CaCO
3
 to produce 
their skeletons. The shift in inorganic carbon equilibrium towards higher CO
2
 and lower 
carbonate ion (CO
3
2-) is regarded as a potential threat for calcifying organisms (Orr et al. 
2005; Guinotte and Fabry 2008; Kroeker et al. 2010). As we have shown in manuscript 
2.3, Spondylus’ individual survival and functional role depends very much on building 
up thick, massive shells. Studies on the ability of Spondylus to cope with ocean 
acidiﬁ cation are thus of great importance. 
As this work was focussed to develop baseline knowledge, we have excluded 
potential ENSO effects on Spondylus ecology and thus Spondylus ﬁ sheries in this 
discussion. However an ENSO effect on Ecuadorian ﬁ sheries has been shown for other 
species, e.g. the signiﬁ cant decline in captures of pelagics during El Niño years (Epler 
and Olsen 1993). Given the socioeconomic implications that the ﬁ shery has in Ecuador, 
and the fact that other bivalve (ﬁ sheries) are inﬂ uenced by ENSO dynamics (Arntz et 
al. 1988; Mendo and Wolff 2003; Garcia-Cuellar et al. 2004; Riascos 2006; Riascos 
et al. 2007), Spondylus’ response to ENSO variability should be the subject of future 
research. 
I hope this research has contributed to the baseline knowledge of basic biological 
and ecological features of Spondylus, but also has provided some background on 
artisanal Spondylus ﬁ sheries in Ecuador. This part of research should also be continued 
as it is always necessary to understand not only biological and technological aspects 
of small-scale ﬁ sheries but the socio-cultural, institutional and economic factors as well 
(Pauly and Agüero 1988).
60
4 REFERENCES
Adams WM, Brockington D, Dyson J, Vira B (2003) Managing Tragedies: 
Understanding Conﬂ ict over Common Pool Resources. Science 302: 1915-1916 
doi 10.1126/science.1087771
Agüero M (1988) La Pesca Artesanal en América Latina: Una Visión Panorámica  In: 
Agüero M (ed) Contribuciones Para El Estudio de la Pesca Artesanal en America 
Latina: Proceedings of the Mini-Symposium on Small-Scale Fisheries of the 46th 
International Congress of Americanists, 4-8 July 1988. ICLARM The WorldFish 
Center Conference Proceedings, Amsterdam, the Netherlands, pp 1-27
Agüero M (2007) Capacidad de pesca y manejo pesquero en América Latina y el 
Caribe. FAO Documento Técnico de Pesca. No. 461. Roma, Italy
Allison EH, Ellis F (2001) The livelihoods approach and management of small-scale 
ﬁ sheries. Marine Policy 25: 377-388 
doi http://dx.doi.org/10.1016/S0308-597X(01)00023-9
Anderson SC, Flemming JM, Watson R, Lotze HK (2011) Rapid global expansion of 
invertebrate ﬁ sheries: trends, drivers, and ecosystem effects. PLoS One 6: e14735 
Andrew NL, Béné C, Hall SJ, Allison EH, Heck S, Ratner BD (2007) Diagnosis and 
management of small-scale ﬁ sheries in developing countries. Fish and Fisheries 8: 
227-240 doi 10.1111/j.1467-2679.2007.00252.x
Arnold WS (2001) Bivalve enhancement and restoration strategies in Florida, USA. 
Hydrobiologia 465: 7-19 
Arnold WS (2008) Application of larval release for restocking and stock enhancement 
of coastal marine bivalve populations. Rev Fish Sci 16: 65-71 
doi 10.1080/10641260701678140
Arnold WS, Blake NJ, Harrison MM, Marelli DC, Parker ML, Peters SC, Sweat DE (2005) 
Restoration of bay scallop (Argopecten irradians (Lamarck)) populations in Florida 
coastal waters: Planting techniques and the growth, mortality and reproductive 
development of planted scallops. Journal of Shellﬁ sh Research 24: 883-904 
Arntz WE, Valdivia E, Zeballos J (1988) Impact of El Niño 1982-83 on the commercially 
exploited invertebrates (mariscos) of the Peruvian shore. Meeresforschung 32: 
3-22 
Babcock R, Keesing J (1999) Fertilization biology of the abalone Haliotis laevigata: 
laboratory and ﬁ eld studies. Canadian Journal of Fisheries and Aquatic Sciences 
56: 1668-1678 
Bauer DE (2007) The reinvention of tradition. An ethnographic study of Spondylus use 
in coastal Ecuador. Journal of Anthropological Research 63: 33-50 
4 References
61
Bauer DE, Lunniss R (2010) The Past in the Present: Spondylus, Place, and Identity. The 
Latin Americanist 54: 75-94 
Behrenfeld MJ, Worthington K, Sherrell RM, Chavez FP, Strutton P, McPhaden M, Shea 
DM (2006) Controls on tropical Paciﬁ c Ocean productivity revealed through 
nutrient stress diagnostics. Nature 442: 1025-1028 doi http://www.nature.com/
nature/journal/v442/n7106/suppinfo/nature05083_S1.html
Béné C, Bennett E, Neiland A (2004) The Challenge of Managing Small-scale Fisheries 
with Reference to Poverty Alleviation. In: Neiland A, Béné C (eds) Poverty and 
Small-scale Fisheries in West Africa. Springer Netherlands, pp 83-102
Berkes F, Mahon R, McConney P (2001) Managing small-scale ﬁ sheries: alternative 
directions and methods. International Development Research Centre, Ottawa
Blount BG (2005) Small-Scale Fisheries in the Contemporary World: Adaptation and 
Management. Reviews in Anthropology 34: 1-19 
doi 10.1080/00938150590915023
Blower D (1995) The quest for Mullu: concepts, trade, and the archaeological 
distribution, of Spondylus in the Andes. Faculty of Arts and Science, 
Peterborough, Ontario, Canada
Brumbaugh RD, Beck MW, Coen L (2006) A practitioners guide to the design and 
monitoring of shellﬁ sh restoration projects. The Nature Conservancy, Arlington, 
pp 34
Caddy JF, Defeo O (2003) Enhancing or restoring the productivity of natural 
populations of shellﬁ sh and other marine invertebrate resources. FAO, Rome, Italy
Calabrese J, Fagan W (2004) Lost in time, lonely, and single: Reproductive asynchrony 
and the Allee effect. The American Naturalist 164: 25-37 
Carranza A, Defeo O, Beck M, Carlos Castilla J (2009) Linking ﬁ sheries management 
and conservation in bioengineering species: the case of South American mussels 
(Mytilidae). Reviews in Fish Biology and Fisheries 19: 349-366 
doi 10.1007/s11160-009-9108-3
Carré M, Bentaleb I, Blamart D, Ogle N, Cardenas F, Zevallos S, Kalin RM, Ortlieb 
L, Fontugne M (2005) Stable isotopes and sclerochronology of the bivalve 
Mesodesma donacium: Potential application to Peruvian paleoceanographic 
reconstructions. Palaeogeography, Palaeoclimatology, Palaeoecology 228: 4-25 
Carter BP (2011) Spondylus in South American Prehistory. In: Ifantidis F, Nikolaidou M 
(eds) Spondylus in Prehistory: New Data and Approaches: Contributions to the 
Archaeology of Shell Technologies. Archaeopress, Oxford, England, pp 63-89
Carter JG (1990) Skeletal Biomineralization: Patterns, Processes and evolutionary 
Trends. Van Nostrand Reinhold, New York, pp 832
Carvalho N, Edwards-Jones G, Isidro E (2011) Deﬁ ning scale in ﬁ sheries: Small versus 
large-scale ﬁ shing operations in the Azores. Fisheries Research 109: 360-369 
doi http://dx.doi.org/10.1016/j.ﬁ shres.2011.03.006
4 References
62
Castilla J, Defeo O (2001) Latin American benthic shellﬁ sheries: emphasis on co-
management and experimental practices. Reviews in Fish Biology and Fisheries 
11: 1-30 
Chuenpagdee R, Liguori L, Palomares ML, Pauly D (2006) Bottom-up, global estimates 
of small-scale marine ﬁ sheries catches. Fisheries Centre Research Report 14
Coayla Berroa R, Rivera Miranda P (2008) Estudio sobre seguridad en al mar para la 
pesca artesanal y en pequeña escala. 2. América Latina y el Caribe. FAO, Rome
Commito JA, Como S, Grupe BM, Dow WE (2008) Species diversity in the soft-bottom 
intertidal zone: Biogenic structure, sediment, and macrofauna across mussel bed 
spatial scales. Journal of Experimental Marine Biology and Ecology 366: 70-81 
doi 10.1016/j.jembe.2008.07.010
Cudney-Bueno R, Rowell K (2008) Establishing a baseline for management of the rock 
scallop, Spondylus calcifer (Carpenter 1857): Growth and reproduction in the 
upper Golf of California, Mexico. Journal of Shellﬁ sh Research 27: 625-632 
Dakin WJ (1928a) The anatomy and phylogeny of Spondylus, with a particular 
reference to the Lamellibranch nervous system. Proceedings of the Royal Society 
of London Series B, Containing Papers of a Biological Character (1905-1934) 103: 
337-354 
Dakin WJ (1928b) The eyes of Pecten, Spondylus, Amussium and allied Lamellibranchs 
with a short diskussion on their evolution. Proceedings of the Royal Society of 
London Series B, Containing Papers of a Biological Character (1905-1934) 103: 
355-365 
Defeo O, Castilla J (2005) More than One Bag for the World Fishery Crisis and Keys for 
Co-management Successes in Selected Artisanal Latin American Shellﬁ sheries. 
Reviews in Fish Biology and Fisheries 15: 265-283 
doi 10.1007/s11160-005-4865-0
Dietz T, Ostrom E, Stern PC (2003) The Struggle to Govern the Commons. Science 302: 
1907-1912 doi 10.1126/science.1091015
Epler B, Olsen SB (1993) A proﬁ le of Ecuador’s coastal region. University of Rhode 
Island, Coastal Resources Center
Fabara M (2003) The age of Spondylus and management implications. University of 
Washington, School of Marine Affairs
FAO (Food and Agriculture Organization of the United Nations) (2005) Small-scale and 
artisanal ﬁ sheries. Topics Fact Sheets. 
http://www.fao.org/ﬁ shery/topic/14753/en Assessed 3rd November 2013. 
FAO (2011) Pesquerías en pequeña escala en los estados miembros de Oldepesca: 
Servicio de extensión y entrenamiento en Costa Rica, Ecuador, Perú y México. 
FAO, Rome
4 References
63
Feely RA, Sabine CL, Lee K, Berelson W, Kleypas J, Fabry VJ, Millero FJ (2004) Impact 
of anthropogenic CO2 on the CaCO3 System in the oceans. Science 305: 362-
366 
Feeny D, Berkes F, McCay B, Acheson J (1990) The Tragedy of the Commons: Twenty-
two years later. Hum Ecol 18: 1-19 doi 10.1007/BF00889070
Feeny D, Hanna S, McEvoy AF (1996) Questioning the assumptions of the” tragedy of 
the commons” model of ﬁ sheries. Land Economics: 187-205 
Félix F, Muñoz M, Haase B (2006) Bycatch of humpback whales in artisanal ﬁ shing 
gear in Ecuador during 2005 IWC Workshop on Comprehensive Assessment of 
Southern Hemisphere Humpback Whales, Hobart, Tasmania, pp 3-7
Ferrol-Schulte D, Wolff M, Ferse S, Glaser M (2013) Sustainable Livelihoods Approach 
in tropical coastal and marine social–ecological systems: A review. Marine Policy 
42: 253-258 doi http://dx.doi.org/10.1016/j.marpol.2013.03.007
Garcia-Cuellar JA, García-Domínguez F, Lluch-Belda D, Hernández-Vazquez S (2004) 
El Niño and la Niña Effects on reproductive cycle of the pearl oyster Pinctada 
mazatlanica (Hanley, 1856)(Pteriidae) at Isla Espiritu Santo in the gulf of california. 
Journal of Shellﬁ sh Research 23: 113-120 
Gascoigne J, Lipcius RN (2004a) Allee effects in marine systems. Marine Ecology 
Progress Series 269: 49-59 
Gascoigne J, Lipcius RN (2004b) Conserving populations at low abundance: delayed 
functional maturity and Allee effects in reproductive behaviour of the queen 
conch Strombus gigas. Marine Ecology Progress Series 284: 185-194 
Goodwin D, Flessa K, Schöne B, Dettman D (2001) Cross-calibration of daily growth 
increments, stable isotope variation, and temperature in the Gulf of California 
bivalve mollusk Chione cortezi: Implications for paleoenvironmental analysis. 
Palaios 16: 387-398 
Gosling EM (2003) Bivalve Molluscs - Biology, Ecology and Culture. Blackwell 
Publishing, London
Granzotto A, Libralato S, Pranovi F, Raicevich S, Giovanardi O (2004) Comparison 
between artisanal and industrial ﬁ sheries using ecosystem indicators. Chemistry 
and Ecology 20: 435-449 doi 10.1080/02757540310001629224
Guinotte JM, Fabry VJ (2008) Ocean Acidiﬁ cation and its potential effects on marine 
Ecosystems. Annals of the New York Academy of Sciences 1134: 320-342 
Gutierrez JL, Jones CG, Strayer DL, Iribarne OO (2003) Mollusks as ecosystem 
engineers: the role of shell production in aquatic habitats. Oikos 101: 79-90 
Hardin G (1968) The Tragedy of the Commons. Science 162: 1243-1248 
Harper EM (1991) The role of predation in the evolution of cementation in bivalves. 
Palaeontology 34: 455-460 
4 References
64
Hawkshaw R, Hawkshaw S, Sumaila U (2012) The Tragedy of the “Tragedy of the 
Commons”: Why Coining Too Good a Phrase Can Be Dangerous. Sustainability 4: 
3141-3150 
Herdson D, Rodriquez T, Martinez J (1982) Las Pesqueras Artesanales de la Costa del 
Ecuador y Sus Capturas en 1982. Instituto Nacional de Pesca, Guayaquil, Ecuador
Hilborn R, Branch TA, Ernst B, Magnusson A, Minte-Vera CV, Scheuerell MD, Valero 
JL (2003) State of the World’s Fisheries. Annual Review of Environment and 
Resources 28: 359-399 doi doi:10.1146/annurev.energy.28.050302.105509
Hobday AJ, Tegner MJ, Haaker PL (2001) Over-exploitation of a broadcast spawning 
marine invertebrate: Decline of the white abalone. Reviews in Fish Biology and 
Fisheries 10: 493-514 
Hocquenghem A-M, Ruiz MP (1994) La talla del material malacológico en Tumbes. 
Bulletin de l’lnstitut Français d’Études Andines 23: 209-229 
Huber M (2009) Name Changes for two well-known Panamic Spondylids. The Festivus 
41: 103-109 
Jacquet J, Hocevar J, Lai S, Majluf P, Pelletier N, Pitcher T, Sala E, Sumaila R, Pauly D 
(2010) Conserving wild ﬁ sh in a sea of market-based efforts. Oryx 44: 45-56 
doi 10.1017/S0030605309990470
Jacquet J, Pauly D (2008) Funding priorities: Big barriers to small-scale ﬁ sheries. 
Conservation Biology 22: 832-835 doi 10.1111/j.1523-1739.2008.00978.x
Johannes RE (2002) The renaissance of community-based marine resource 
management in Oceania. Annual Review of Ecology and Systematics 33: 317-340 
Keen AM (1971) Sea Shells of Tropical West America: Marine Mollusks from Baja 
California to Peru. Stanford University Press, Stanford, California
Kramer AM, Dennis B, Liebhold AM, Drake JM (2009) The evidence for Allee effects. 
Population Ecology 51: 337-340 
Kroeker KJ, Kordas RL, Crim RN, Singh GG (2010) Meta-analysis reveals negative yet 
variable effects of ocean acidiﬁ cation on marine organisms. Ecology Letters 13: 
1419-1434 doi 10.1111/j.1461-0248.2010.01518.x
Lamprell K (2006) Spiny Oysters: A Revision of the living Spondylus species of the 
world. Jean Lamprell, Brisbane, Australia
Leverone JR, Geiger SP, Stephenson SP, Arnold WS (2010) Increase in Bay Scallop 
(Argopecten irradians) Populations Following Releases of Competent Larvae in 
two West Florida Estuaries. Journal of Shellﬁ sh Research 29: 395-406
Levitan D, McGovern T (2005) The Allee effect in the Sea. In: Norse EA, Crowder 
LB (eds) Marine conservation biology: the science of maintaining the sea’s 
biodiversity. Island Press, Washington, pp 47-57
4 References
65
Logan A (1974) Morphology and life habits of the recent cementing bivalve Spondylus 
americanus Hermann from the Bermuda platform. Bulletin of Marine Science 24: 
568-594 
Lu YT, Blake NJ (1997) The culture of the southern bay scallop in Tampa Bay, an urban 
Florida estuary. Aquaculture International 5: 439-450 
Manzi J, Hadley N, Maddox M (1986) Seed Clam, Mercenaria-Mercenaria, Culture in an 
Experimental-Scale Upﬂ ow Nursery System. Aquaculture 54: 301-311  
Marcos JG (1986a) De ida y vuelta a Acapulco con mercaderes de Mullu. Arqueología 
de la costa ecuatoriana: Nuevos enfoques, Corporación Editora Nacional, 
Guayaquil: 163-195 
Marcos JG (1986b) Arqueología de la costa ecuatoriana: nuevos enfoques. Corporación 
Editora Nacional, Guayaquil
Marcos JG, Norton P (1984) From the Yungas of Chinchay Suyo to Cuzco: The Role of 
La Plata Island in Spondylus trade. Social and Economic Organization in the Pre-
Hispanic Andes: 7-20 
Martínez J (1987) Recursos pesqueros que sustentan la pesca artesanal en el Ecuador. 
In: CEPLAES (ed) La pesca artesanal en el Ecuador. ESPOL-CEPLAES- ILDIS, 
Centro de Planiﬁ cacion y Estachos Souales, Quito., pp 288
McClanahan T, Castilla J, White A, Defeo O (2009) Healing small-scale ﬁ sheries 
by facilitating complex socio-ecological systems. Reviews in Fish Biology and 
Fisheries 19: 33-47 doi 10.1007/s11160-008-9088-8
Mendo J, Wolff M (2003) El Impacto de El Niño sobre la Producción de concha de 
Abanico (Argopecten purpuratus) en Bahía Independencia, Pisco, Perú. Ecología 
Aplicada 2: 51-57 
Murra JV (1975) El tráﬁ co de mullu en la costa del Pacíﬁ co. Formaciones económicas y 
políticas del mundo andino: 255-267 
Myers RA, Worm B (2003) Rapid worldwide depletion of predatory ﬁ sh communities. 
Nature 423: 280-283 doi http://www.nature.com/nature/journal/v423/n6937/
suppinfo/nature01610_S1.html
Ocean Studies Board (2010) Ecosystem Concepts for Sustainable Bilvalve Mariculture. 
The National Academy’s Press, Washington D.C.
Orr JC, Fabry VJ, Aumont O, Bopp L, Doney SC, Feely RA, Gnanadesikan A, Gruber 
N, Ishida A, Joos F, Key RM, Lindsay K, Maier-Reimer E, Matear R, Monfray 
P, Mouchet A, Najjar RG, Plattner G-K, Rodgers KB, Sabine CL, Sarmiento JL, 
Schlitzer R, Slater RD, Totterdell IJ, Weirig M-F, Yamanaka Y, Yool A (2005) 
Anthropogenic ocean acidiﬁ cation over the twenty-ﬁ rst century and its impact on 
calcifying organisms. Nature 437: 681-686 doi http://www.nature.com/nature/
journal/v437/n7059/suppinfo/nature04095_S1.html
Ostrom E (2009a) http://www.nobelprize.org/mediaplayer/index.php?id=1223 
Assessed 31st October 2013. 
4 References
66
Ostrom E (2009b) Design principles of robust property-rights institutions: what have 
we learned? In: Ingram KG, Hong Y-H (eds) Property rights and land policies. 
Lincoln Institute of Land Policy, Cambridge, MA pp 25-51
Ostrom E, Burger J, Field CB, Norgaard RB, Policansky D (1999) Revisiting the 
Commons: Local Lessons, Global Challenges. Science 284: 278-282 
doi 10.1126/science.284.5412.278
Parnell PE (2002) Larval development, precompetent period, and a natural spawning 
event of the pectinacean bivalve Spondylus tenebrosus (Reeve, 1856). The Veliger 
45: 58-64 
Paulsen AC (1974) The thorny oyster and the voice of god: Spondylus and Strombus in 
Andean Prehistory. American Antiquity 39: 597-607 
Pauly D (1997) Small-scale ﬁ sheries in the tropics: marginality, marginalization 
and some implication for ﬁ sheries management. In: Pikitch EK, Huppert DD, 
Sissenwine MP (eds) Global trends: Fisheries Management, American Fisheries 
Society Symposium 20, Bethesda, Maryland, pp 40-49
Pauly D (2006) Major trends in small-scale marine ﬁ sheries, with emphasis on 
developing countries, and some implications for the social sciences. Maritime 
Studies 4: 7-22 
Pauly D (2011) Foreword. In: Chuenpagdee R (ed) World small-scale ﬁ sheries: 
contemporary visions. Eburon, Delft, The Netherlands, pp 15-17
Pauly D, Agüero M (1988) Small-Scale Fisheries in the Neotropics: Research and 
Management Issues. In: Agüero M (ed) Contribuciones Para El Estudio de la 
Pesca Artesanal en America Latina: Proceedings of the Mini-Symposium on 
Small-Scale Fisheries of the 46th International Congress of Americanists, 4-8 July 
1988. ICLARM The WorldFish Center Conference Proceedings, Amsterdam, the 
Netherlands, pp 28-36
Pauly D, Christensen V, Guenette S, Pitcher TJ, Sumaila UR, Walters CJ, Watson R, 
Zeller D (2002) Towards sustainability in world ﬁ sheries. Nature 418: 689-695 
Peterson C, Summerson H, Luettich R (1996) Response of bay scallops to spawner 
transplants: A test of recruitment limitation. Marine Ecology-Progress Series 
132: 93-107 
Programa de Manejo de Recursos Costeros (1993) Plan de manejo de la ZEM: 
Atacames-Súa-Muisne. Programa de Manejo de Recursos Costeros (PMRC) 
Ecuador, Guayaquil, Ecuador, pp 84
Reck G, Hurtado M (1993) La Investigación y el manejo de los recursos marinos. In: 
Mena PA, Suárez L (eds) La Investigación para la conservación de la diversidad 
biológica en el Ecuador: memorias del simposio, llevado a cabo del 10 al 12 de 
junio de 1992. EcoCiencia, Quito
4 References
67
Riascos JM (2006) Effects of El Niño-Southern oscillation on the population dynamics 
of the tropical bivalve Donax dentifer from Málaga bay, Colombian Paciﬁ c. Marine 
Biology 148: 1283-1293 
Riascos JM, Heilmayer O, Laudien J (2007) Population dynamics of the tropical bivalve 
Cardita afﬁ nis from Málaga Bay, Colombian Paciﬁ c related to La Niña 1999–
2000. Helgoland Marine Research  
Roberts CM, Hawkins JP (1999) Extinction risk in the sea. Trends in Ecology & 
Evolution 14: 241-246 
Rosenberg AA (2003) Managing to the margins: the overexploitation of ﬁ sheries. 
Frontiers in Ecology and the Environment 1: 102-106 
doi 10.1890/1540-9295(2003)001[0102:MTTMTO]2.0.CO;2
Rossi-Snook K, Ozbay G, Marenghi F (2010) Oyster (Crassostrea virginica) gardening 
program for restoration in Delaware’s Inland Bays, USA. Aquaculture International 
18: 61-67 doi 10.1007/s10499-009-9271-5
Saba VS, Shillinger GL, Swithenbank AM, Block BA, Spotila JR, Musick JA, Paladino 
FV (2008) An oceanographic context for the foraging ecology of eastern Paciﬁ c 
leatherback turtles: Consequences of ENSO. Deep-Sea Research Part I 55: 646-
660 
Sadovy Y (2005) Trouble on the reef: the imperative for managing vulnerable and 
valuable ﬁ sheries. Fish and Fisheries 6: 167-185 
doi 10.1111/j.1467-2979.2005.00186.x
Salas S, Chuenpagdee R, Charles A, Seijo JC (2011) Coastal ﬁ sheries of Latin America 
and the Caribbean. FAO, Rome
Salmi P (2005) Rural Pluriactivity as a Coping Strategy in Small-Scale Fisheries. 
Sociologia Ruralis 45: 22-36 doi 10.1111/j.1467-9523.2005.00288.x
Santos FC, Pacheco JM (2011) Risk of collective failure provides an escape from the 
tragedy of the commons. Proceedings of the National Academy of Sciences 108: 
10421-10425 doi 10.1073/pnas.1015648108
Schöne BR (2003) A ‘clam-ring’ master-chronology constructed from a short-lived 
bivalve mollusc from the northern Gulf of California, USA. The Holocene 13: 
39-49 
Schöne BR, Fiebig J, Pfeiffer M, Gleß R, Hickson J, Johnson ALA, Dreyer W, Oschmann 
W (2005) Climate records from a bivalved Methuselah (Arctica islandica, 
Mollusca; Iceland). Palaeogeography, Palaeoclimatology, Palaeoecology 228: 
130-148 
Schöne BR, Lega J, Flessa KW, Goodwin DH, Dettman DL (2002) Reconstructing 
daily temperatures from growth rates of the intertidal bivalve mollusk Chione 
cortezi (northern Gulf of California, Mexico). Palaeogeography, Palaeoclimatology, 
Palaeoecology 184: 131-146 
4 References
68
Schöne BR, Oschmann W, Rössler J, Freyre Castro AD, Houk SD, Kröncke I, Dreyer 
W, Janssen R, Rumohr H, Dunca E (2003) North Atlantic Oscillation dynamics 
recorded in shells of a long-lived bivalve mollusk. Geology 31: 1037-1040 
Sea around us (2013) Inshore Fishing Area.
http://www.seaaroundus.org/doc/ifa.htm Assessed 29th October 2013
Skoglund C, Mulliner DK (1996) The genus Spondylus (Bivalvia: Spondylidae) of the 
panamic province. The Festivus 28: 93-107 
Small-scale and Artisanal Fisheries Research Network (SAFRN)(2013)
http://artisanalﬁ sheries.ucsd.edu/ Assessed 2nd September 2013 
Solís RS (2005) Caral-Supe y su entorno natural y social en los orígenes de la 
civilización. Investigaciones Sociales 9: 89-120 
Solís RS (2006) America’s First City? The Case of Late Archaic Caral. In: Isbell W, 
Silverman H (eds) Andean Archaeology III. Springer US, pp 28-66
SRP (Subsecretaría de Resursos Pesqueros) (2010), http://www.viceministerioap.gob.
ec/subpesca323-investigan-situacion-de-concha-spondylus.html
Assessed 3rd November 2013
Stoner AW, Ray-Culp M (2000) Evidence for Allee effects in an over-harvested marine 
gastropod: density-dependent mating and egg production. Marine Ecology 
Progress Series 202: 297-302 
Strub PT, Mesías JM, Montecino V, Ruttland J, Salinas S (1998) Chapter 10. Coastal 
Ocean Circulation Off Western South America. In: Robinson AR, Brink KH (eds) 
The Sea Volume 11. John Wiley & Sons, Inc., New York, pp 273-313
Supan JE, Wilson CA, Roberts KJ (1999) Economics of augmentation of natural 
production using remote setting techniques. In: Luckenbach MW, Mann R, 
Wesson JA (eds) Oyster Reef Habitat Restoration: A Synopsis and Synthesis of 
Approaches Proceeding from the Symposium Williamsburg, Virginia, April 1995, 
pp 359-366
Teh LCL, Sumaila UR (2013) Contribution of marine ﬁ sheries to worldwide employment. 
Fish and Fisheries 14: 77-88 doi 10.1111/j.1467-2979.2011.00450.x
Tettelbach S, Smith C, Wenczel P, Decort E (2002) Reproduction of hatchery-reared 
and transplanted wild bay scallops, Argopecten irradians irradians, relative to 
natural populations. Aquaculture International 10: 279-296 
Tettelbach S, Wenczel P (1993) Reseeding Efforts and the Status of Bay Scallop 
Argopecten-Irradians (Lamarck, 1819) Populations in New-York Following the 
Occurrence of Brown Tide Algal Blooms. Journal of Shellﬁ sh Research 12: 
423-431  
Thorpe A, Ibarra AA, Reid C (2000) The New Economic Model and Marine Fisheries 
Development in Latin America. World Development 28: 1689-1702 
doi http://dx.doi.org/10.1016/S0305-750X(00)00045-0
4 References
69
Tsuchiya M (1985) The subthermocline phosphate distribution and circulation in the 
far eastern equatorial Paciﬁ c Ocean. Deep Sea Research Part A Oceanographic 
Research Papers 32: 299-313 
doi http://dx.doi.org/10.1016/0198-0149(85)90081-0
UNDP (United Nations Development Programme) (2012),
http://www.undp.org.ec/art/frontEnd/images/objetos/Documento%20de%20
Prioridades%20Esmeraldas.pdf
Assessed 25th October 2013
Villalejo-Fuerte M, Arellano-Martínez M, Ceballos-Vázquez BP, García-Domínguez 
F (2002) Reproductive cycle of Spondylus calcifer Carpenter, 1857 (Bivalvia: 
Spondylidae) in the “Bahía de Loreto” National Park, Gulf of California, Mexico. 
Journal of Shellﬁ sh Research 21: 103-108 
Waller TR (1978) Morphology, morphoclines and a new classiﬁ cation of the 
Pteriomorphia (Mollusca: Bivalvia). Philosophical transactions of the Royal Society 
of London / B 284: 345-365 
Whitehead T (1989) Jewels of the Sea, but a challenge to study! American 
Conchologist 17: 6 
Worm B, Hilborn R, Baum JK, Branch TA, Collie JS, Costello C, Fogarty MJ, Fulton EA, 
Hutchings JA, Jennings S, Jensen OP, Lotze HK, Mace PM, McClanahan TR, Minto 
C, Palumbi SR, Parma AM, Ricard D, Rosenberg AA, Watson R, Zeller D (2009) 
Rebuilding Global Fisheries. Science 325: 578-585 doi 10.1126/science.1173146
WTO (World Trade Organisation) (2004) Trade Policy Review Ecuador, p. 14-25. 
http://www.wto.org/english/tratop_e/tpr_e/s148-2_e.doc
Assessed 15th October 2013.
Wyrtki K (1966) Oceanography of the Eastern Equatorial Paciﬁ c Ocean. Oceanography 
and Marine Biology 4: 33-68 
Yonge CM (1973) Functional morphology with particular reference to hinge and 
ligament in Spondylus and Plicatula and a discussion on relations within the 
superfamily Pectinacea (Mollusca: Bivalvia). Philosophical transactions of the 
Royal Society of London / B 267: 173-208 
Zavarei A (1973) Monographie des Spondylidae (Lamellibranches) actuels et fossiles. 
Dissertation
4 References
70
5 DANKSAGUNG
Ich danke natürlich Tom Brey, vor allem dafür, die Betreuung dieser gewagten Arbeit 
übernommen zu haben. Danke für Anregungen und Kritik, und dafür, immer schnell 
und ohne Umwege ansprechbar gewesen zu sein, auch über die Distanz!
Matthias Wolff danke ich sehr herzlich für die Übernahme der Zweitbetreuung, des 
Weiteren Barbara Niehoff und Ulrich Saint-Paul für die Zusage als Gutachter an meinem 
Kolloquium teilzunehmen.
Kerstin Beyer danke ich für die technische Hilfe und natürlich für Kaffee; auch ein 
großes Danke an den Rest der Runde für Kekse, Mohnkuchen, nette Gespräche und 
Zuspruch. Ich war so selten da und trotzdem immer willkommen; das war sehr nett!
Herzlichen Dank an Gisela Lannig, Christian Bock und Olaf Heilmayer, dafür mich und 
meinen tropischen Organismus über die Schwelle eines Instituts für POLAR- (!) und 
Meeresforschung gebracht zu haben – ohne Euch wäre ich nie auf die Idee gekommen. 
Danke an die vielen netten Kolleginnen und Kollegen der Sektion Funktionelle Ökologie, 
v.a. den „D’lern“; es ist die Summe aller Gespräche, Gedanken und Begebenheiten, 
die so eine Arbeit erst ermöglichen. Ganz besonders erwähnen möchte ich hier noch 
Shobhit und Lars für die richtigen Worte zur richtigen Zeit!
Gracias a mis queridos amigos de Nazca, el mejor equipo para trabajar. Un día 
volvamos a trabajar juntos de ley! Gracias por su compañía tan agradable y los 
momentos inolvidables a Chichi, el loco Christian, Felipe, los dos Fernandos, Judith, 
Kate, Oli, Paggi, Priscilla y Seco...
Gracias a la familia Gudiño por tomar el papel de familia fuera de mi tierra.
Gracias a los buzos y pescadores de Atacames, sobre todo el Eddie por compartir su 
conocimiento de “la concha” y todos tipos de vida marina.
Gracias a los amigos del sur: Fabricio, Mare, Wilo y Licho ¡Les deseo mucha suerte para 
todas sus aventuras en el futuro!
Mi querida Soledad, gracias por todo el trabajo, gracias por tu apoyo, tus ideas y tu 
amistad. Espero que muy pronto te pueda devolver los miles favores... ¡te quiero un 
montón!
Many thanks to Bruce Robson for proofreading! So sorry that I made you work on a 
weekend (again!)…  und ein dickes Dankeschön an bymetz für Layout – wow!
Die Eckpfeiler, ohne die das Leben nicht zu bewältigen wäre, sind so oft die 
Letztgenannten... in meinem Fall meine Familie, die echte und die ausgesuchte. Sooo 
lange geht es uns schon gut miteinander; ich war mal hier und mal da, aber Ihr wart 
immer da!
Diese Arbeit wurde ﬁ nanziert durch ein vollumfängliches Dissertations-Stipendium der
5 Danksagung
Appendix: public campaign
Registro Oficial No. 58 - Viernes 30 de Octubre de 2009
REGISTRO OFICIAL
Administración del Señor Ec. Rafael Correa Delgado
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FUNCION EJECUTIVA
 
DECRETOS:
101......... Declárase el estado de excepción en la Empresa Estatal Petróleos del Ecuador, PETROECUADOR y sus
empresas filiales permanentes que tiene la empresa para cada una de las actividades operativas: a) Exploración y
producción; b) Industrialización; y, c) Comercialización y transporte de petróleo 
 
102......... Dase por concluido el encargo conferido al doctor Alexis Rivas Toledo y nómbrase a la doctora María Fernanda
Espinosa Garcés, Ministra Coordinadora de Patrimonio 
 
103......... Agrégase al Decreto Ejecutivo Nº 42 del 10 de septiembre del 2009, con la que se creó la Secretaría Nacional
de Gestión de Riesgos 
 
ACUERDOS:
 
MINISTERIO DE FINANZAS: 
 
069 MF-2009 Delégase al señor Antonio Grijalva, funcionario de la Subsecretaría de Crédito Público, para que
represente a la señora Ministra en la sesión ordinaria del Directorio del Banco del Estado 
 
070......... Incorpóranse varios códigos al Catálogo General de Cuentas 
 
Derecho Ecuador
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Appendix: Acuerdo ministerial
MINISTERIO DE GOBIERNO:
 
0131....... Sanciónase la Ordenanza para la elaboración, ejecución, control y rendición de cuentas de los presupuestos
participativos parroquiales, rurales en el Gobierno de la Provincia de Pichincha 
 
0197....... Apruébase la reforma y codificación de los estatutos de la Iglesia Evangélica Pentecostés Misionera
&ldquo;Retorno de Cristo&rdquo;, con domicilio en el cantón Quito, provincia de Pichincha 
 
MINISTERIO DE RELACIONES
EXTERIORES:
 
-.......... Convenio Básico de Cooperación Técnica y Funcionamiento entre el Gobierno del Ecuador y Naturaleza y
Cultura Internacional 
 
SUBSECRETARIA DE RECURSOS PESQUEROS:
 
136......... Declárase una veda permanente del recurso concha Spondylus Calcifer y Spondylus Princeps sobre
cualquier forma de captura, transporte, comercialización y consumo, hasta que no existan estudios científicos de población
y aprovecha-miento sustentable que sustenten las medidas de ordenamiento necesarias para establecer una pesca
responsable
 
 
RESOLUCIONES:
 
CONSEJO DIRECTIVO DEL
INSTITUTO ECUATORIANO
DE SEGURIDAD SOCIAL:
 
C.D.282.. Refórmase el Reglamento Interno del Régimen de Transición  del  Seguro  de  Invalidez, Vejez  y  Muerte 
C.D.283.. Expídese el Reglamento para compensación de gastos ocasionados por urgencias y emergencias atendidas en
unidades de salud ajenas al IESS 
 
INSTITUTO ECUATORIANO DE LA
PROPIEDAD INTELECTUAL,
DIRECCION NACIONAL DE
OBTENCIONES VEGETALES: 
 
001-2009 DNOV-IEPI Deléganse facultades a los abogados Wilson Usiña Reina y Santiago Cevallos Mena,
funcionarios del IEPI 
 
002-2009 DNOV-IEPI Deléganse facultades a la abogada Nora Roxana Chang Chang, Experta Principal en
Oposiciones y Tutelas Administrativas (E) 
 
SECRETARIA NACIONAL DE
TRANSPARENCIA DE GESTION:
 
SNTG-011-09 Deléganse atribuciones al Subsecretario Nacional Técnico de Transparencia de Gestión
 
SERVICIO DE RENTAS INTERNAS: 
 
NAC-DGERCGC09-00704 Refórmase el Art. 2 de la Resolución No. NAC-DGER2008-0182 de 21 de febrero del 2008,
publicado en el Suplemento del Registro  Oficial  Nº 285  de 29  de  febrero  del  2008 
 
TRIBUNAL CONTENCIOSO
ELECTORAL:
 
-.......... Expídese el Reglamento para el uso de vacaciones, licencias, cesación de funciones y designación de juezas y
jueces del TCE para el período  de  transición 
 
EXTRACTO:
 
CORTE CONSTITUCIONAL
PARA EL PERIODO DE TRANSICION
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Appendix: Acuerdo ministerial
f.) Renzo Paladines Puertas, representante legal.
 
Certifico que es fiel copia del documento original que se encuentra en los archivos de la Dirección General de Tratados
del Ministerio de Relaciones Exteriores.- Quito, a 29 de septiembre del 2009.- f.) Leonardo Arízaga S., Director General
de Tratados (E).
 
 
 
 
Nº 136
 
EL SUBSECRETARIO DE RECURSOS
PESQUEROS
 
Considerando:
 
Que el artículo primero de la Ley de Pesca y Desarrollo Pesquero establece que los recursos bioacuáticos existentes en
el mar territorial, en las aguas marítimas interiores, en los ríos, en los lagos o canales naturales y artificiales, son bienes
nacionales cuyo racional aprovechamiento será regulado y controlado por el Estado de acuerdo con sus intereses;
 
Que el 24 de abril del 2009 se realizó el taller sobre &ldquo;Medidas de Ordenamiento para el Recurso Spondylus&rdquo;
ante la explotación indiscriminada del recurso Spondylus, con la participación de representantes de la Subsecretaría de
Recursos Pesqueros, del Instituto Nacional de Pesca, de la Asociación de Buzos de la Pesca Artesanal &ldquo;Puerto
Salango&rdquo; de la provincia de Manabí, y la Agrupación de Buzos, Ostreros y Pulperos &ldquo;29 de Julio&rdquo; de
la provincia de Santa Elena;
 
Que la Asociación de Buzos de la Pesca Artesanal &ldquo;Puerto Salango&rdquo; de la provincia de Manabí que extraen
el recurso Spondylus se comprometieron a no extraer el recurso y solicitaron a la autoridad pesquera ejecutar talleres
sobre las medidas de ordenamiento para el recurso Spondylus en todo el perfil costero ecuatoriano;
 
Que dicha asociación comprometida a la no extracción del recurso, expresa su preocupación por la demanda agresiva de
comerciantes y abastecedores de restaurantes, de la concha Spondylus, a buzos que no pertenecen a sus
organizaciones y extraen especies juveniles sin ningún control;
 
Que existen estudios técnicos superficiales sobre el recurso Spondylus que recomiendan medidas de ordenamiento y
vedas sobre este recurso; ante lo cual, la Dirección de Gestión y Desarrollo Sustentable Pesquero de la Subsecretaría de
Recursos Pesqueros, en el informe técnico contenido en el memorando Nº DGDSP-612-09 de 24 de agosto del 2009,
recomienda la declaratoria de una veda permanente sobre el recurso concha Spondylus Calcifer y Spondylus Princep,
así como, el inicio inmediato de estudios técnicos que sirvan para establecer el estado poblacional y medidas de
ordenamiento para la protección, conservación y explotación sustentable sobre este recurso;
 
Que la Constitución Política de la República, en su artículo 396 estipula que en caso de duda sobre el impacto ambiental
de una acción u omisión, aunque no exista evidencia científica del daño el Estado adoptará medidas protectoras, eficaces
y oportunas;
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Que el artículo 13 de la Ley de Pesca y Desarrollo Pesquero determina que el Ministro del ramo queda facultado para
resolver y reglamentar los casos especiales y los no previstos que se suscitaren en la aplicación de esta ley; y,
 
En ejercicio de las facultades delegadas que le confiere la letra a) del artículo 1 del Acuerdo Ministerial número 074,
publicado en el Registro Oficial número 84 del 15 de mayo del 2007,
 
Acuerda:
 
Art. 1.- Declarar una veda permanente del recurso concha Spondylus Calcifer y Spondylus Princeps sobre cualquier
forma de captura, transporte, comercialización y consumo, hasta que no existan estudios científicos de población y
aprovechamiento sustentable que sustenten las medidas de ordenamiento necesarias para establecer una pesca
responsable.
 
Art. 2.-Los lugares de expendio de alimentos a base del recurso Spondylus deberán agotar su reserva dentro de los
quince días subsiguientes contados a partir de la fecha de publicación del presente acuerdo.
 
Art. 3.- El Instituto Nacional de Pesca, con la participación de las asociaciones de buzos, demás actores involucrados, y
en coordinación con la Dirección General de Pesca iniciará inmediatamente los estudios necesarios para que la
Subsecretaría de Recursos Pesqueros establezca un plan de manejo y conservación del recurso concha Spondylus de las
especies mencionadas en el artículo primero.
 
Art. 4.-Quienes infringieren la veda dispuesta mediante el presente acuerdo, serán sancionados de conformidad con la
Ley de Pesca y Desarrollo Pesquero.
 
 
Art. 5.- El presente acuerdo entrará en vigencia a partir de su publicación en el Registro Oficial y de su ejecución
encárguese la Dirección General de Pesca, el Instituto Nacional de Pesca, en coordinación con la Dirección Nacional de
Espacios Acuáticos (DIRNEA).
 
Notifíquese y publíquese.- Dado en Manta, el 2 de octubre del 2009.
 
f.) Ing. Guillermo Morán Velásquez, Subsecretario de Recursos Pesqueros.
 
 
Subsecretaría de Recursos Pesqueros.- Secretaría.- Certifico: Que la copia que antecede es conforme al original.- f.)
Ilegible.
 
 
 
 
 
No. C.D.282
 
EL CONSEJO DIRECTIVO DEL INSTITUTO ECUATORIANO DE SEGURIDAD SOCIAL
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